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manipulated by the subsystem that generates forming process outlines. That system is a plan synthesis
rule-based system that employs three mechanisms to generate the nodes along the most likely solu-
tion paths. These mechanisms define the system in abstract terms and make the deep-drawing and
machining one instantiation of a more generalized method.

The first mechanism is the main plan synthesis tactic, Generate & test and rectify. This
tactic controls the automatic design of the preform and the generation of the deep-drawing process
outline. Its basic premise is: If initial hypothesis fails the plan generator first attempts to rectify it.
Regeneration of a new hypothesis is sought only if rectification also fails. The second mechanism is
the hierarchical structure of rules. This structure stipulates that each technological rule is an
instantiation of a higher level conceptual rule. The third mechanism, automatic construction of the
inclusive test rule generates the "test" within the "generate and test" part. The appropriate test is
tailored to each instance of material, geometries and sequence of forming processes.

Both parts of the system are implemented in Prolog, under the UNIX operating system at
Purdue University. Experiments demonstrate that the methods employed produce sound plans for
the specified domain.




THE SCIENCE OF AND ADVANCED TECHNOLOGY
IFOR COST-EFFECTIVE MANUFACTURE
OI" HIGH PRECISION ENGINEERING PRODUCTS

ONR Contract No. 83K0385
Final Report
Vol. 5

AUTOMATIC GENERATION OF
PROCESS OUTLINES

OF' FORMING AND MACHINING PROCESS

QUALITY
INSPECTED

&

Prepared by
G. Itshel, M. M. Barash and W. Johnson

I\

August 1986

Schools of

Industrial, Electrical and Mechanlcal Englneering
Purdue Unlversity
West Lafayette, Indilana 47907

) '.:.:g y’ ) ‘\"' " ‘.. AT LY AT BTN ANS LY "." l-‘-" A AR T .".,\. \.},\"\ '-],-."\ \},\_,Q

L

< v % 4
L \, O ]
RO UG IR " DAL DA IO R Y ‘;"‘ 2 e bty ﬂ,'t" (LIRA Ay AN ‘; ! t‘n cf' \. Wi



'i:f"‘ ..
v ii
B
‘aai
é":'fi
\S“
p i
. This report represents, with minor changes, the thesis submiltted by
1 ;j
_.':,'; Mr. Gad Eshel to the Faculty of Purdue Unlversity for the award of the
&i;ﬁl Degree of Doctor of Philosophy.
A
Research described In this report has been supported by the Office of
Naval Research through Contract No. N83KO0385 In the framework of the
:‘;!":2 ONR Precislon [Engineerlng projects, and by the Purdue Englneering
)
:'aﬁ:, Research  Center for Intelligent Manufacturing Systems (ERC-IMS)
L2
‘:::,'; establlshed by the Natlonal Sclence Foundatlon through Grant No. CDR
N 8500022.

M. M. Barash served as Ma)or Professor for the thesls; he is a
member of the faculty of the School of Industrial Englneerlng at Purdue
Unlversity. W. Johnson was Faculty Assoclate on the project; he Is a
Visiting I’rofessor of lKngineering at Purdue Unlversity.

Work on the Precislon Engineering project at Purdue Unlversity
greatly beneflted Irom the use of the technical factllitles of the Purdue
Computer Integrated Deslgn, Manufacturlng and Automation Center
(CIDMAC) and the advice of the CIDMAC member companles*, which Is
gratefully acknowledged.

. Moshe M. Barash
v Principal Investigator

iy ' C. Richard Liu
. :: Principal Investigator

. *Member companies of CIDMAC are:
o Cincinnati Milacron; TRW; Ransburg Corporation; Cummins Engine Co.; Control
¢ Data Corporation; ALCOA; Chrysler.

LN
Y

¥

¥y, e pm i ST AT AI AP RP RPN TP PP R S S L RO L SRS L L LR PR S

R g T e T e R G L e
AL

"y !
fageforish ot lad ol el I L AN YT



T Ty TFTECIT RS IS W N WOV WY S ey

e:«ﬂl"
B
A iii
e
”fiit‘
oy
9¢i’§f
g
fgs TABLE OF CONTENTS
A
Page

0T
4;::: LIST OF TABLES . . « « v v v v v v e e e e e o o o i
:\’::t
o LIST OF FIGURES . . .- . + « v v v v v v v v v o . ix l
:s;:; NOMENCLATURE . . . . . . + « « « v v v « v o « « xvi
g
e ABSTRACT  « . v« v v v v v v v e e e e e xxi
o::::,
'.)
= 1. INTRODUCTION . . .+ . v v v e v e v e e e e 1
o
:k'.g 1.1 Automatic Process Planning and Multi-Technology
N, Manufacture 1
:{::; 1.2 Research ObJectlves . 5
1.3 The Domain of Instance: Industnal Emnronment Parts,
N Processes e e e e e e e e e 8
::’,:;: 1.4 Preview of the Research e e e e e e e e e 8
B
23,5 22BACKGROUND . . . . . . o« . « ¢« o v v v o« .. 1
A
- 2.1 Contents of the Background . . . . . . . . . . . 12
;’.:::" 2.2 Process Planning . . . C e e .. 13
::i‘,:: 2.2.1 Process Planning: Scope, Structure and
':g"‘: Contents . . . . . . . . . . . . . . 13
RO 2.2.2 Process Planning in Formmg Processes . . . . . 34
2.2.3 Computer driven Process Planning in Forming
::, Processes . . . . . « ¢« « ¢« « « « « « « . 43
i 2.3 Machining a Part from a Preform . . . 53
::;» \ 2.3.1 Design of Preforms and Deep-Drawn Preform Des:gn
it Practice . . e e e e e e 53
— 2.3.2 Group Technology Type Demgn of
ol Circumscription . . . . . c e e e 56
e 2.3.3 Related Computational Geometry Work e e e e 56
::::::3 2.4 Problem Solving Techniques . . . . . . . . . . . 59
e 2.4.1 Rule Based Systems and Automatic

Reasopning . . . . . . ¢« ¢« +« ¢« ¢« ¢« « « « .+ 58
e
ot
:;a'i:
A s R A i
-»,' ' x \Q‘ '!, "x."‘ “ -F -'- ". ‘\“ Y
.xf._ cs Q " ¢ q""’gﬁ 4 't’" o0 i::’:: ‘,‘o‘g:h“’ .'“,‘.“ ,Hil":.‘.l.'.h ‘Q.‘.‘.\l.‘”; ‘l’ e "‘:’t{“”’ ' l’v 9‘ "A\;.l‘v:




ol do b Sl SR Sal b

“ i i i — -

iv

o

e 2.4.2 Design and Plan Synthesis . . . e e 62
R 2.4.3 Search and Related Planning Stratevles e e 63
it 2.4.4 Generateand Test . . . . . . . . . . . . . 7
KX 3. TECHNOLOGICAL KNOWLEDGE of DEEP-
_‘_::": DRAWING . . . . . e e e e e e e e e 70
S
:‘:1: 3.1 Introduction . . e e e e e 7
e 3.2 Deep-Drawing of Axxsymmemca.l Cups .o . 81
i 3.2.1 Metal Flow in Flat Cupping: Analytical- Expenmental

i~ Characteristics . . e e e e e e e e 81
e 3.2.2 Start-of-Flow Condltxons .. e e 98
.fc‘i:: 3.2.3 The Emerging Cup: Strains, Defects a.nd

" Failures ... . e 10
- 3.2.4 Limiting Draw Ra.tlo e e e e e 114
;::':' 3.2.5 Factors Affecting Drawing Limits and Defect, )
oy Development . . . . . . +« « « .« . . . . . 130
NI 3.2.6 Redrawing . . . . . . .o . . 143
o 3.2.7 Feasibility Classification of Process Va.nables in
: Drawing Mode . .. . . e e . 153
-:v:;" 3.3 Structure and Orgamzatxon of Deep-Drawmg
‘Q:',s Rules . . . C e e e 158
) 3.3.1 Premises in Formalmng Deep Drawxng

",'f-f-g Rules . . . . e e e e e e e e e 158

3.3.2 Shapes of deep- drawn CUPS « « + . e e e . 159

s 3.3.3 Organization of deep-drawing rules . . . . . . . 160
-’- 3.4 Deep-Drawing Rules . . . . . . . . . . . . . . 163
*::: 3.4.1 Variables . . . e e e e e e e e e e 163
Jo% 3.4.2 Scope of Apphcatlon e e e e e e e e e 164
' 3.4.3 A Note about Completeness . . . .« « . . 1865
¥ 3.4.4 Initial Design of a Sequence of Deep-Drawmg
'5 Operations . . e e e e e e e 185
\ 3.4.5 Testing the feasnblllty of an operatlon e e .. 170
;',' 3.4.8 Rectification processes . . . e e e 175
i 3.4.7 Computation of Deep-Drawing Parameters and

o Plasticity Features . . . . e e e e e . 178
.;:::‘( 3.5 Implications of Formalization into Rules e e e e 193
‘A,‘O‘q i
o 4. METHODOLOGY . + + + v v v v e v e v v v o o . 104 1
LI |
~ 4.1 General Approach . . e e e e e e e 194
PO, 4.2 The 'Generate & Test u.nd Rectlfy Mechanism . . . . . 195
P 4.3 The 'ACDP’ Subsystem . . . . . . . . . . . . . 199
i 4.4 The 'AGFPO’ Subsystem . . N !
ey 4.5 The Automatic Generation of the [ncluswo Test
e Rule . . . . . . . . o . o . o o . . .. 208
ATy
‘H‘.




A
:::‘ 4.6 Hierarchical Structure in AGMPO . . . . . . . . . 207
:{:S 4.7 Search and the Inference Machine . . . . . . . . . 209
'l
“ 5. WORKPIECE REPRESENTATION . . . . . . . . . . . 211
:% 5.1 General Approach . . . . . . . . . . o . . . . 211
;?‘: 5.2 CAD Representation . . . . . . . . < ¢ < . . . 212
i 5.3 CAM Representation . . . . . . . . . . . . . . 212
54 CAD-CAM Links . . . . . . . . . « . . « . . 214

.

4

g 6. GENERATE & TEST and RECTFFY . . . . . . . . . . . 218
)

b 6.1 G&TR - Main idea . . A E
. 8.2 Abstract Formulation of G&TR . e . v . . 219
n 8.3 Rule Based Application and Search Aspects of

Y G&TR . . . e . .. 222
5,5‘ 6.4 A Note about -\pphcabllxty wrt Other Plan Synthesis

:\: Tactics . . . e e e e e e e e e e 224
& 8.5 G&TR in AGFPO . . . o
44 6.6 A G&TR Example in AGFPO e e e e e e e e 228
it 7. PREFORM DESIGN by CIRCUMSCRIPTION . . . . . . . 232
e

D 7.1 Scope and Problem Definition e e e e e e e e e 236
o 7.1.1 General Observations . . . . . . . . . . . . 236
) 7.1.2 The Inscribed Workpiece . . B < 1
7.1.3 Features of A Deep-Drawn Preform O 1
( 7.1.4 Goodness-of-Circumscription Criteria . . . . . . 238
" 7.1.5 Program Parameters . . . . . . . . . . . . 239

72 Methodology . . . . . .« ¢ ¢ « o o+ 4 o 0 . 240

i 7.2.1 Algorithm Overview . . e e e . . 242
o 7.2.2 Creating the Hypothesis - The Imtla.l
%:: Preform . . e+« + o« .« 243
:._fs 7.2.3 Testing Clrcumscrlpt.lon a.nd Dlrectmg

' Rectification . . . &« « + « « « « « . 255
$‘ 7.2.4 Rectifying a Rejected Cup e e e e e e e e 258
W

-. 8. AUTOMATIC GENERATION of the INCLUSIVE TEST
e RULE . . . « . « ¢ v v v v o v v v v v v v w262
g‘ 8.1 Automatic Testing and the Problem Solving
) Tacties . . . e e e e e .. 282
;‘é ) 8.2 Mechanism of Generatlng The ITR -
‘O 8.2.1 AGTR System . . . e+« e+« e « . 283

-
-

8.2.2 Abstract Formulation of AGTR e e e e e e e 263

K
ot
"

7¥

]

- .- ey R R er T I T I S e L S R LI ‘-'.-".-'_h‘_.‘_-‘_-’_- _.'.'_-'_. e

m '.‘n '\ ‘l 3% "“. \"'\f\"&' *'\‘N‘ ‘.‘P "»."": {"h',."’.' \'_\'{“_\'{‘.‘h faT A A P e . ".' ,‘. DA
! OO % : AR T LR RO . s

q,“'"‘ ("Q‘!Q"" .l. h ' ‘!"' '..". Q“.“ L Ut AL "q.. ".v‘-‘l.\, ) IS L0 " . * - W s :




vi

(;‘;!;:

:::;:i‘ 8.2.3 Implementation of AGTR in 2 Rule Based

,,s:::: System . . e e e 268
:i:{::! 8.3 Applying AGTR to Testmg a Deep Dra.wmg
- Operation . . . . . . e« 4+« « « <« . 968
o 8.4Example..................272
W

5% 9. AGMPO EXAMPLES . . . . . . . . « v v v « . . . 215
¥

b

R 9.1 Modes of Running AGMPO . . . .. 275
.y 9.2 Example I: Automatic Design of the Clrcumscnbmg

;h'u Preform . . . . . 275
,ﬁ , 9.3 Example II: Genera.tlon of A Deep—Drawxng Process

::3. Outline . . . . e o . .. 287
o 9.4 Example III: VIuLtl-Technology Process Outlxne

e Generation . . . . . . . . . . . . . . . . . . 294
-:w

.c:‘; 10. CONCLUSION and FUTURE OUTLOOK . . . . . . . . 300
gl

W

10.1 Overview . e e e e e e e e e e ..o.o300
10‘>StatusofAGMPO 301
:‘ 10.3 Process Planning Methodology . . . . . . . . . . . 304
’}:-} 10.4 Deep-Drawing Knowledge Gaps . . . . . . . . . . 307
HEN 105 Al Tools . . . . e 10
%‘

LIST OF REFERENCES . . . . . . . . . . . . . . . . 31

e

»3 APPENDIX A .+ « v v v v 4 o e e e e e e e e e e .. 322
S05

Vi)

£

A

".ﬁ:

]

e

(e

=

ol

f J' \.
?-f.}fﬁ J

RNSC A

f~¢n‘( Tl el AT '\'n‘\ﬁ‘” -*ﬁxi' mﬁrwi,‘:)\(
ﬁ 3 Ll

AR :
P .&.r\.(

% _-n\.'!. -.\\
R '\- - ,p
Wk, W 250 4 _.‘c LA "( ' ol »a. .'o' i N




i Vl.l

Ml LIST OF TABLES

X Table Page

. Secondary forming processes . . . . . . . . . . . . . 38

.t*
-~ 20 g )

[}

)

—

2-2. Significant variables of a forming process . (extracted from
ot [AltanLN], Table. 2, p. 81) 43

DR 2-3. Salient process parameters for sample forming
PrOCESSES . + &« & + & 4 « & o e 4 e e e 4 e < . 44

s 2-4. Salient forming feasibility measures e e e e e e e e e 45
e 3-1. Deformation Regimes in Flat Cupping . . . . . . . . . . 93
wh 3-2. Deformation Regimes in Pure Stretching . . . . . . . . . a6

NG 3-3. Susceptibility to defects and failures depending upon deformation
Q':: path . . . . . . . . . . . . . . . . . . . . . 109

K 3-4. Classification of wrinkling by Thickness Ratio ([Eary], p.
145)  + 4 4 e e e e e e e e e e e e 128

:;:g‘ 3-5. Effects of material properties on axisymmetric deep-
(ot drawability . . . . . . . . ¢ . . . o ¢ . . . . . 136

3-8. Sample shape element types: codes, associated parameters and
oy Processes . . . « .+ s+ « 4 s+ e e e 4 & e« o e« < . 180

W 3-7. Wrinkling-tendency classification by Thickness Ratio ([Earyl, p.
o 3 ¥

T 3-8. Punch Load Coefficients (from [HobbsL4]) . . . . . . . 182
.;:.. 3-9. Blankholding force as a function of Punch Force and wall

" thickness, for low carbon steels ([Lyman4])
) L L] . - L) * * . L] . L - . L] . L] L] L] - L] L4 . 184

"~..

(.. g . . . - “ - «"p " - “a %
LY X w$) , AT LCRE :r'\ ':“ ~*.:,,~.-u, -~ _)_-. ': :} .__- " _-_-."_._:_._‘ " -,-\_\ T -\ g "‘:r- 13 *\\._‘_.-,"»,_

"' . . -
DU l'1' ' ‘A‘bl. Wy "’l.n "s‘i‘ .Q * U 0:' AN IO 5 YA, ,h«'!“ 1‘9‘ -'! h"\‘lr“'v"bﬂ'i‘




viii

3-10. Blankholding Force as a function of Punch Force for certain Die,
Punch, and Cup Sizes (from [HobbsL4j)

3-11. Practically-optimal LDs and LHRs for flat cupping (synthesized
from: [WilsoHG|, (HobbsL4]) . .o e e

3-12. Conservative LRRs in Multistage Drawing  (from
[HobbsL4]) . . . . . . .

3-13. Limiting Redraw Ratios (optimal redrawing conditions)
(Lymand}) . . . . . . . . . . ..

185

186

189

190




by
&
ix

:v
»
g%
R
[
o LIST OF FIGURES
"
v. Figure Page
W
N 1-1. Part manufactured by a combination of drawing and machining
‘ ProCessSeS  + « « « ¢ s e e e 4 e e e e e e e e 9
o~ 2-1. Shape changing processes ([MooreKi|, Fig. 7-2). . . . . . . . 19
s
it
j 2-2. Common PP paths at the technology level . . . . . . . . 20
o 2-3. Semantics of operations in a PP ([EaryJo|, Fig. 191, p.
F 213 1 . )
¥
::j 2-4. Process plan - a hierarchical view . . . . . . . . . . . 26
w0
x'
N 2-5. A process plan (routing sheet) e e e e e e e e e e e 27

2-8. Process outline 28
N :
ke 2-7. Operationoutline . . . . . . . . . . . . . . . . 29
¥ .
) 2-8. Element specification . . . . . . . . . . . . . . . 30
I"
«" 2-9. A schematic flow, feedback not included, of process planning
| activities . . . . . v e e e e e e e e e e e .. 32
.‘ .
‘I
- 2-10. Levels of automation and method of creating the PP . . . . . 34
N
b 2-11. Metal forming subgroups in DIN 8582  ([Lange], Fig.
N 24) . . . . . - 1
D)
o 2-12. Forging and deep-drawing sequences (from [Lyman5| and
pre- (Jomes)) . . . . . . . . . . . .. 0.0 . .. 39
v
’,':: 2-13. Sequences of operations of the same forming group . . . . . . 40
Ca

2-14. Bulk forming and subsequent sheet-metal forming PP ([Lange],

v, Fig. 2.30) .+ v v v e e e e e e e e e e 42
J:.
.
-"
’,
&
“.,

‘ 4%.::;’ Wy '\'1.'\- \}.":"\' '*'-4' R AV AT

Oy iy .’ .'w ..d: Wy (%}hlu'(‘; :- -

‘
KA ‘\“ﬂ




B
¥ «5 i
:“: 2' 15.
"“ 1
N
"
M 2-18.
e 2-17.
. L]
e
%2
. L .
"'o o 2-18
o
o 2-19
q. »

2-20
f‘ l"
“: = 3-1
[Pt
7.'\:':'
i 52
,”.‘:-;? 3-3
sg
N 3-4
e 3-5

[Pt 14 3’7.
&}o 3‘8.

W 3-9.

3-10.
RO 3-11.

N 312.

" 3-13.

g 5&"’4.’&
@;s: l“ t, l‘n
4v':'r. N '!r '5‘5 0“,

e

. The embossing stage . . . .

A portion of PP graph: neither the states nor the transforming
operations are predetermined . . .

A coded shaft  ( {GokleDKS81] Fig. 15a) .

Part representation in FORMEX ([SevenRA], Fig. 11,
input’) . . o o o 0 e e e e e e e e .

. Different preforms for the same finished workpiece

(Lyman$]) .

8) .

. Group-technology-type of circumscription

. Tools and regions in cup-drawing

. Tools and regions in stretching

. A plane element of a circular’ plate

. Primary forming modes ([Wick], Fig. 1-3) . . . .

. Progressive states in drawing a blank (from: [Wick], Fig. 4-

41)

Flow regimes in flat cupping . Co. .
Schematic squeezing in pure radial drawing of a ring .

Wall thickness strains in cupping (after [ChungSE| and
[Elseb]) . . . . . . « o o . 0000

Schematic profile of wall-thickness changes in a flanged cup
(after [JohnsMe|, Fig. 11.11) . . .

Representative stress distribution and resultant work-hardening in

cupping (after [ChungSA|, Figures 30a and 33b) . . .
Hemispherical stretching (after [Eary], Fig. 157) .

Schematic profile of wall-thickness change in a stretched
T

W '. A L T "-' L&y "N LTS '(r-."\"" RN A '-. AT A -..'1-_ PSR
"( o '}’_. " S ."'h -~ ‘\ '.‘; \3 "q " ; _,: (. }' ‘(.‘-"‘ " Y'*“ \‘i*:"t < -,. <
L, .QA Aty 0. M d a.i.l Wae? “‘\4 1?"!. ' |~ \l'i..‘q.l’g, ,“'.l.', . .Q . % \ \, X i

'

51

54

35

. Steps in automatic section-of-forging design (from [TangOA], Fig.

57

o9

71

83

85

86

90

91

92

94

97

‘\



X1

f‘ 3-14. Die impact line ([HobbsL4], 4-18) . . . . . . . . . 97
o :
-.f' 3-15. Ironing taking place within a deep-drawing operation ([Avitz],

Fig. 10.25) « « v v v e e e e e e e e e e e e 08
k% 3-16. Successive stages in tractrix drawing (after [Avitz], Fig.
e R T 1 o
s
i 3-17. Drawing with a 2.5;,., diameter punch: schematic punch-load -
} punch-travel diagram (after [Eary], Fig.127) . . . . . . . 101
‘o
; 3-18. Punch-load - travel diagrams ([ChungSA|], Fig. 42, in the part
; that studies lubricationeffects) . . . . . . . . . . . . 101
x 3-19. Cup drawing and velocity fields over a die bend (after

A [Avitz], Fig. 10-37) . . . . . . . . . . « . . . . . 105
:. 3-20. Typical deep-drawing defects ([Eary|, Fig. 135) . . . . . 106
t" 3-21. Analytical and experimental distribution of thickness strain in

5 hemispherical cup drawing (after (Wool, Fig. 13) . . . . . . 107
"

.i{ 3-22. Schematic shapes of deformation in drawing ([Hobbsl2|, Fig. 12-
b4 ) e (o
7

R 3-23. Calculated LD for various n and 3 values, for: n = 0.75,
', ([Hosfo81], Fig-4) . . . « « « « « « « « « « « « . . 112
Y
o 3-24. Variation of strain and flow-stress in nonsteady squeezing

¢ ([Backo], Fig. 11.4) . . . . . .« . . « . « .+ o . o o 112
ol 3-25. Stresses in an element of a squeezed flange (after [JohnsMe]
'ﬂi 11.18) . . . . . . . . . . . . . . . . . . . . . 114
W

\ 3-26. LD as a function of R for several n values, with n = 0.75

(Hosfo81|, Fig.8) . . . . +. « « « + « « « « « « . . 17

g
3.' 3-27. Experimental results: variation of LD w.r.t. n and R (after

J [Elseb], Fig. 13) . « « « & « « v « « « « « « « . . 118

3-28. LD as a function of m and R. The dash-dot line shows the locus of
K< minima for R < 0.6. Above the dash-cross line, all solutions are
K anomalous. (after [Dodd], Fig.2) . . . . . . . . . . . 120 1

3-29. A typical 4-ear alignment due to planar anisotropy
(HobbsL3], Fig. 9-8) . . « + « « « « « « « o « « . . 124

12 - 'v : VTS IT AR AR 5 hX ¢ \(
ARt 1&'2(,\“ g
B < A
R X ‘:h‘ Sy, '»J; Wi, «'},\y b,,z‘ ~' A !

.-..'.'\ AW

: p‘ -:?"\,l\ﬂ -V' \ ._ M"H Q\%
L)

6.0 ;h 0.' gyt '.o 0.,0 ‘i".l 1y .e hitk, ,.'“ ,‘ H.Q o '.lkl C,t ,g, )



e ¥ - WU

xii
: 3-30. A typical forming limit diagram ([Hecke75], p. 871) . . . 127
3-31. Changes in FLD as a function of nand ¢ ([Ghosh]). . . . . . 128

3-32. Changes in FLD as a function of wall thickness ([Hobbs12],

o Fig. 12:7)  « v v v e e e e e e e e e e e e e o129
Yy

“’ 3-33. Effect of wall thickness on posmon of FLD [Hobbsl2], Fig. 12-

»? 8) . . . . . . . . . . . . . . . . . . 130
0:1‘ 3-34. Schematic blankholdmg methods ([lLyman4), Fig.

R 22) . . . .. B £ >
“l

U

.f:: 3-35. Effect of blankholding force on punch force ([Eary|, Fig.

0 T .

'y
3-36. Lubrication effect ([Eary], Fig. 121) . . . . . . . . 135
bt
:Z‘:’, 3-37. Effect of punch profile on LD and thickness strain ([HobbsL4|, Fig.

4192) . . . e e e e e e e e e e e e e e e e 13T
{: 3-38. Effect of Die Profile on thickness strain ([HobbsL4|, Fig. 4- '

3 ) D R -
0
- 3-39. Effect of Die Profile on drawing ca.paclty (a.ft.er [ChungSE] F\g

" 13) . ... . 140
i

:E 3-40. Wall thickness effects on LD for drawing sheet steel without a

‘l:’ blankholder (after (HobbsL4|, Fig.4-31). . . . . . . . . . 142
'i»

3-41. Schematic direct and reverse redrawing (after [ChungSR|, Figures

" 1a0d2) . . .+« v 4 e e e e e e e e e e e e .. 145
K

: 3-42. Direct redrawing methods: schematic apparatus (after [ChungSR]|,

! Fig.1) . . . « . . . « ¢ v v 000 v e e e .. 145
3 3-43. Effect of redrawing ratio on thickness strain curves in mild steel by

f direct and reverse redrawing methods (after [ChungSR]|, Fig.

; ) P 1
A

' 3-44. Schematic variation in punch force in redrawing (after [Hosfol,

K Fig. 14.14) « « « v v v v e e e e e e e e e e e T
N

::: 3-45. Effect of interstage heat-treatment on thickness strain distribution

o ([ChungSR}, Fig. 15) . . . « « « « &« « « o« « « « . . 148

')- WA n SN, ,?-".).:' ,",-v"‘ TR .“l;,‘ IQ"m

D0 l. PRI DGR A
." q o) ‘o'\!‘: o 'c‘l ORI .no‘ el e
i N H“.“'u’ 0’: Wy '!"’!‘i“' h“ 2 .i“ Croe e a'\ DU O R N

yyyyy



xiii

3-46. Redrawing through a conical die with no supporting sleeves:

, schematic apparatus . . . . . . . . .+ ¢ .+« + . . . 149

) 3-47. Redrawing through a conical die with no supporting sleeves:

(' optimum conditions . . . . . . . . . . . . . . . . 150
¢

&

' 3-48. Redrawing a deep, vertical cup, method b, the embossing mode:

:: drawing regimes and drawn elements. . . . . . . . . . . 151
i 3-49. Redrawing, a deep, vertical cup, method b, tube-sinking mode:

; drawing regimes and drawn elements . . . . . . . . . . 152
i)

o 4-1. AGMPO System . . . . « v 4 4 4 e e e e e . .. 106
*

" 4-2. ACDP Subsystem S e e e e 202
)

[ 4-3. AGFPO Subsystem . . . =« « « « v v v « « v . . . 9203
1

-

)
[
—

A coded representation of a part (¢) and its plot (6) . . . . . 213

; 5-2. Coded representation of a cup (a¢) and itsplot (4) . . . . . . 215

g

! 6-1. The initial and final geometries of a hypothesized redrawing

" operation (Material: Austenitic stainless steel) . . . . . . . 229
i 6-2. Rectified operation . . . . . . . . . . . . . . . . 231
[

‘ 7-1. A bi-monotonic polygon . . . . . . . . . . . . . . 234
i

' 7-2. A monotonic deep-drawn preform (cup) . . . . . . . . . 234
It

) .

3 7-3. Smoothable, nonsmoothable (radius of curvature = 2) and
" smoothed lipes . . . . . . . . . . . . . . . . . . 23
U

i)

) 7-4. Trade-off between wall-thickness and recess radii in a

’, circumseribingecup . . . . . . o o v 4 4 . e . . . 240
, 7-5. Piecewise linear approximationof anarc . . . . . . . . . 241
£

D

! 7-8. A uniform-wall-thickness polygon as a 'truncated union’ of

5 uniform-wall-thickness beams . . . . . . . . . . . . . 246
"
v 7-7. Three cycles of determining the wall-thickness of a circumseribing
b POlygom . . .« . . e e e e e e e e e e e e e .. 248
)

A

b

-
-

i3

o,

\ '

\-'\

N R ARG AC A NS -
; ¥ (\’ $’-1' & .r\ =

AN .

v T k \‘.

2200, 5. 0 "

At LAY ﬁ"'l'm ”l'n?"':‘,' oy ' u,-!m'-n'u LTl t-l WAV 0'

W T A 'T‘-\ >
ARt ‘ -)"\ -

........



Ny
' Xiv
;;‘
A 7-8. Four cycles in constructing the uniform wall-thickness
Dy polygon . . . . . . . o e e e e e e e e e .o 249
:
i 7-9. Smoothabilityof a vertex . . . . . . . . . . . . . . 283
0 7-10. Making a chain smoothable by ’erase intermediate
I
& vertices' . « . ¢ . . ¢« 4 4 e 4 4« e e 4 4 4« . . 254
)
-."l‘
. 7-11. Making a chain smoothable by 'discard exceedingly smalil segments
" of themedial’ . . . . . . « . . . . o o o . 0 0 254
o .
jf:x 7-12. Distances of a piecewise linear line fromanarc . . . . . . . 258
Ky
R
N 7-13. Increase in wall thickness to contain a vertex e« « « « . . 259
~: 8-1. AGTRmodule . . . . . . . . . . . . . . . . . . 264
by
ﬁ: 8-2. Initial and final workpiece . . . . . . . . . . . . . . 274
b

9-1. part_a: plot and representation . . . . . . . . . . . . 277
Wy
8
e 9-2. part_a and its uniform wall-thickness circumscribing
N polygon. . . . . . . . 4 v e . 04 e e s e . 219
R
- 9-3. Uniform wall-thickness polygzon and its medial. . . . . . . . 280
b
::: 9-4. Initially hypothesized cup, of optimum recess radii and minimum
::i wall thickness, intersecting part_.a . . . . . . . . . . . 281
»s:.. . .
- 9-5. Rectified cup: optimum recess radii and maximum wall-thickness:
o 0.6875, intersecting part_a . . . . . « . . . 282
!.1’
e
:,,‘ 9-8. Rectified cup: minimum recess radii and minimum wall-thickness
:::: 0.5, intersecting part_a . . . . . . . e e e+ 4 . . . 283
"&
fie 9-7. Rectified cup: minimum recess radii and maximum wall-thickness:
ii‘:: 1.0, circumseribing part_a . . . . . . . . . . . . . . 284
9
;::: 9-8. Circumscription overview: circumseribing cup, part_a, uniform
! wall thickness circumscribing polygon and medial . . . . . . 285
R 9-9. Coded representation of cup (a) and its plot (b). (Material:
& P .
19 Austenitic stainlesssteel) . . . . . . . . . . . . . . 200
‘W
bt 9-10. The initial, hypothesized, untested process-outline . . . . . . 290
)
N
Y
¢
1
o

:...z" "‘l 0. 0.- :".u, ‘ '~ "\"'\.w

i 'af. N '1 .‘3'. i

'i
;.

A ,n,. a"o



'i‘}t
X3
‘ﬁ:: XV
g
:i: 9-11. I[nitial and final specifications of hypothesized operation
h . 2!
.iab
N
s 0-12. Operation #3 rectified locally . . . . . . . . . . . . . 292
b "
¢ X 9-13. Incorporation of local rectifications into a rectified process
1. outlime . . . . . . . . . .« . .+ . . . . . . . 293
b
e 9-14. part_c: CAD representation and plot of cross section . . . . . 295
:3::: 9-15. Circumscription overview: circumscribing cup, part_c, uniform
’:.:}: wall thickness circumscribing polygon and medial . . . . . . 298
o
) 9-16. Initial deep-drawing.process outline for the circumsecribing
CUP & v v o 4 o o e e e e e e e e e e e e e eo297

:.z.‘-
:‘3 9-17. Final deep-drawing process outline for the circumscribing
‘.:;3 CUP « « « o « o + + + e e e e e e e e e e o4 oL 298
K

9-18. Multi-technology process outline forpart_c . . . . . . . . 299
“"
::\'
e
LA

Ko R IO VY o T TR R T o 2 I ol by *.:-\,h*,("‘ aednrs vp;&,.
+ gA i'- P

[ ¥ ';‘ :‘ o V] ! ‘
I :: l." KRR, et " Wy R i, °'l&‘° 1‘,'1.5 “'ﬁ“'«,"i."‘t‘e QUL 'a" "‘ o t‘:‘l...‘. ol the! ' ‘J'c' Q000 ’4 BN =k



NI
(‘p'i
Lt
el .
R XV1
o
‘Q “Q"
?f:g‘r
y"‘i‘
V::
o
a."'
¢
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ot Nomenclature specific to chapters 2, 3 and 7 is reiterated at the beginning of
‘,;g, those chapters.
U
!"’
AR
al'Q
H
2:::. Subscripts and superscripts (designating a general x):
Iy}
Ay .
Xo - initial, at the beginning of the operation.
::" Xeurr OF Xgy - current.
E::n‘ Xc - pertains to compressive state.
R0
" Xp - pertains to the design stage.
AN D
. Xq, or Xp, - final, at the end of the operation.
adl
B, Xg - goal state.
K » Xg - pertaining to the hypothesis.
5. f X, - serial number.
i Xy - initial.
3::’ XN - Dew.
P
f-:. : Xy 23 - principal directions for stress/strain (Fig. 3-3).
&t Xeyz - 3Xes in Cartesian system.
e Xrhe - coordinates in cylindrical system (Fig. 3-3).
; Xmax» Xmim - eXtremal values of x.
- - . .
R x - effective, representative, or: mean, average.
i X - derivative (default: w.r.t. time).
Ny xT - tensile stress regime.
:' ' Xy - pertains to ultimate strength, onset of instability.
a . . .
S X(r)(w),(b) - flange, wall bottom, - denoting regions of the cup.
MY
:‘- Symbols:
o
s | - "provided that the set of conditions to the right is satisfied".
:;:,‘ +— - logical "imply", to the left. ( {P + Q} means: Q implies P ).
y — - logical "imply"”, to the right. ( {P — Q} means: P implies Q).
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xvii
, - logical and, in clauses.
; - logical or, in clauses.
A - logical "and".
\/ - logical "or".
I:] - start and end of a procedure.
Il - parallel. /* - start of a comment within a Prolog procedure.

{ X } - a set of elements X, or a set of procedures X, being processed
sequentially. "{" stands for begin and "}" for end.

[X] - list or ordered set X.

XT - the value of X goes up.

X] - the value of X goes down.

> - "implies that".

Terms

a - die-bend angle, determines conicity.

3 - stress ratio: Oyaji(e m0) / Tfange(es0)r

AR - Normal Anisotropy ( AR = €; / €epgen )-
€ - strain. ¢ - effective strain. ¢ - strain rate.
n - efficiency of work: Workiges / Work, iuar-
9 - an angle of a small element in plane.

@ - coefficient of friction.

o - axial stress (+ tensile, — compressive).

o

- representative stress (root mean square of shear stresses).

oy - as subscript: ultimate strength, (tensile or compressive).

a /€ - Stress-Strain relationship.

T - shear stress.

¢ - diameter.

¥, - angles in redrawing.

A; - general constants, explained in the context they appear.

ACDP - Automatic Circumseription by a Deep-drawable Preform.

AGTR - Automatic generation of the inclusive Test Rule.

Al - Artificial Intelligence.

B - general constant, or: coefficient (as in stress strain relationships, e.g.
o = Be™).

b - the slope of the true_stress - natural_strain curve (approximate in
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f FEM - finite element method.

i FLC, FLD - Forming Limit Curve, Forming Limit Diagram.
" FP - forming process.

i FTR - Flange Wall-Thickness Ratio: tgapge//.

f‘.:z G&T - Generate and Test.

’::" G&TR - Generate & Test and Rectify.

GPP - generative process planning.

N GT - Group Technology.

:":’ Head - first element of a list.

;;Q. h - height.

HR - Height to Diameterratio in a cup: heypy / deyp

0 H&T - Hypothesize and Test.

;:': [nt/int - internal (in Prolog-like relationships).

f?: [TR - Inclusive Test Rule.

* & - number of elements of the medial of a cup.

;g-.; k - shear strength.

f K, K, - coefficients.

:“,\ KB - Knowledge Base.

‘ L - a prefix for "Limiting'":

:S:Z_‘ LD - Limiting D.

{:}3 LDRR - Limiting DRR (minimum and maximum values).
‘:?.i LDRT - Limiting DRT (minimum and maximum values).
LFTR - Limiting FTR

o, LHR - Limiting HR.

;E':: LPRR - Limiting PRR (minimum and maximum values).
E;:" LPRT - Limiting PRT (minimum and maximum values).
g LRD - Limiting RD.

e LRR - Limiting RR.

o LSR - Limiting SR.

‘ LTap - Limiting Tap.

& LTR - Limiting TR.

LTT - Limiting TT.

; $: LHS - Left Hand Side.
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-

4 :

5 m - strain rate exponent in the stress - strain-rate function: o = Ce™

‘f or: Hill's experimental non-quadratic exponent in the yield criterion. For
" in-plane isotropic, plane stress conditions, with o3 = 0:

"3 Lo, 4+ 0™ + (142R)! 0y — 0| ™ = 2(1+R) o™

*3 or: Tresca yield criterion modified constant, default: m = 1.1 .

¥ medial - the skeleton of a body. In 2D shapes it is the thickness centerline
& and the thickness center surface in 3D shapes.

f::, n - strain exponent in the stress - strain relations: o = Be" or:
::: ‘ o = gy + Be™.

e or: number of verticeg or sides of a simple polygon.

. O(X) - complexity in the order of X.

x:" Fac - Facing; in context of the determination of the reference surface.

i:“ P - plan, or: Punch force.

.‘;:': p - external pressure.

o Par/par - parallel (in Prolog-like relationship).

% PLL - Piecewise Linear Line.

. :' PM - process model or: process modeling.

B PO - process outline.

" PP - process plan or: process planning.

,: PPF - process planning of forming processes.

™ PPM - process planning of machining processes.

" PR - Punch-rcunding. '

A PRR - Punch-profile Radius to Punch-stem Ratio: dpypch stem / Tpunch rounding:
N PRT - Punch-profile Radius to Thickness Ratio: rpyncn rounding / &

- r - radius.

" r - radius of a sphere.

R - Planar Anisotropy: R = ¢gqeh / Glengeh - K = (Rg- — 2R,5 + Rgg*) / 4

R Rule - Rectify Rule.
RBS - Rule-Basr1 System.

e e e

AT

W RD - Redrawing Ratio: dygg., / dstage,.-

o RHS - Right Hand Side.

;l RR - Reduction: (dgage, — dstage,.,) / dstager
X S - Segment.
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. exponential curves).

;' bottom - the downmost element in cup (see Fig. 3-1).

%:: C - coefficient (as in stress-strain_rate relationship: o = Ce™).

. or: Circumscribing, (e.g. c-polygon - circumscribing polygon).

;i:; or: subscript denoting: compressive.

;:, C-P - Computation Parameter.

;:g CAPM - computer aided process modeling.

- CAPP - computer aided process planning.

:§¢ CC - Circumscribing Cup.

::: CG - Computational Geometry.

E:: CPP - Computer driven Process Planning.

CPPF - compute. driven process planning of forming-only processes.

',:3 CPPM - computer driven process planning of machining-only processes.
E:: CTR - Category Test Rule.

\*": d - Diameter.

.‘ det - determine (in Prolog-like relationships).

::‘ die impact line - the line separating the zone in which drawing is the main
::E mode of deformation from the one in which stretching prevails (see Fig. 3-
ii‘ 1).

| D - Draw Ratio: dpjank / dfaai_sheil-
s'l D Rule - Design Rule.

¥ DR - Die-rounding. _

‘:ﬂ' DRR - Die-rounding Radius Ratio: dgje throat / Tdie rounding-

N DRT - Die-rounding Thickness Ratio: rgie rounding / t-

E::': e - nominal ("engineering”) strain.

:;:: E - Young's modulus. .
:"!‘ Ebuckling - Duckling modulus: Epycgiipg =4E b / [\/ﬁ + \/E] .

ES - Expert System (in Prolog-like relationships).

- Ext/ext - external (in Prolog-like relationships).

;f edge - the part of the flange that may be supported by a blankholder.
" /- width of the edge.

= flange - the topmost element in a cup if it is perpendicular to the axis of
$‘~’ symmetry.

g F - force.

) ]

" FDM - finite differences method.
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SR - Height Ratio of a Spherical Element: hpperca) eiement / ddome-

Surf/surf - surface (in Prolog-like relationships).

T - subscript denoting: tensile.

t - Wall Thickness. Default: nominal wall thickness.

TK - Technological Knowledge.

T-P - Test Parameter.

T Rule - Test Rule.

Tail - The remaining chain of a list with the Head removed.

Tap - Severity of drawing tapered cups (Conicity Severity).
Defined as: Tap = LH_R-vertical cup / LHR¢apered cup

TR - Wall Thickness Ratjo:
or: specific T Rule.

TT - Wall Thickness Thinning, defined as: e,

U - as a subscript, denotes: ultimate (strength), onset of instability.

UE - ultimate natural strain a particle in the cup,y e, undergoes, with regard

to its initial shape, as a part of the blank: €y,

tdeformed zone / ddeformed zone*

V - vertex.
W - work.

wall - the region between the flange and bottom in a cup.
WP - Workpiece.

Y - yield strength.

w - work per unit volume.

Drawings

Axisymmetrical parts are drawn by either the entire cross section and the axis

of rotational symmetry, or by the right half of the cross section and the axis of
rotational symmetry.

Dimensions are in inches unless otherwise indicated.
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3 Fhis report deseribes a method and a system for automatic generation of
multl-technology process-outlines. A process outline 1s a sequence of operations
. F
oy _
i‘: leading from the raw workplece to the required flnlshed part. The method is
4,
(b .
::. applled to axlsymmetrie parts produced by a set of deep-drawing and machining
‘s
" processes.  The method, the plan synthesls tactles and the forms of
: representation are based on the study and evaluation of the technologlcal
Q " .
,:o knowledge. The Input 1s a CAD representation of the requlred finished part and
Iy
;.‘,I. the output Is the highest priority process outllne to manufacture the part. T'he
U
.,:" process plan 1s developed, backwards, In two steps. In the first one a preform is
destened and In the second a process plan to manufacture 1t 1s generated.
e
=
,1‘: The preform ol a formable type, out of which the part can be machlned. is
% produced by computational geometry heuristles. The deep-drawn preform Is a
LD
! untform wall-thickness cup that clrcumscerlbes the required part while complving
o with recess radil constraints, Th o clrecumseriptlon tacties can be expanded to
::' non-unltorm wall-thickness cups. The resultlng preform s converted into a
why
lc' CANI representation and manlpulated by the subsystemn that generates forming
0
k)
W process outlines.  That system s a plan synthesls rule-based syvstem that
cmploys three mechanisis to generate the nodes along the most lkely solution
!
,“ paths, These mechanisms deflne the svstem In abstract terms and nmiake the
1)
": ‘ decp-drawling and machining one tnstantiatlon of a more ceneralized method.
1‘§:
The Brst mechanism s the maln plan synthesis tactle, Generate & test and
s reclify. This tactle controls the automatle deslgn of the preform and the
\
3 generation ol the deep-drawlng process outllne. Its basle premise Is: I Inltial
o Y
N hy pothesis falls the plan generator flist attempts to rectify 1t. Regeneration of a
~
?J‘:
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e xxiii
::{.‘. new hypothests Is sought only I rectiflcatlon also ils. The second mechanlsm
:”: Is the hierarchical structure of rules. Thls structure stipulates that each
... technologlical rule 1s an Instantlatton of a higher level conceptual rute. The third
at mechanlsm, automatic construction of the Inelusive test rule sencrates the Trest”
: 3. withln the “generate and test” part. The appropriate test Is tatlored to cach
E'\S Instance of material, geometries and sequence of formlng processes,
!0‘.. .
i Both parts of the system are Implemented T Prolocs b b 1NIEN
4.‘:'{, operating system at Purdue Unlversity.,  BExperbients oo e that the
\i‘ methods employved produce sound process plans tor the -y 00
t-‘:
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B 1. INTRODUCTION

!

o

’ 1.1 Automatic Process Planning and Multi-Technology Manufacture

"

2& Process planning systems are designed with the intention of automating as

a many functions of the system as possible. That intention notwithstanding,

“ most of the existing process planning systems are actually computer aided. The

i most common form of computer aided process planning is implemented in

‘:k variant process planning. In variant process planning systems a part is

’ assigned a family and the family is assigned a standard plan. The standard

,_. plan is retrieved and manually parametrized, or modified, to adapt it to the

2 particular workpiece. While automatic parametrization can be incorporated

;{ into such systems, automatic modification requires a higher level of

! intelligence. The intelligence is basically of the order of that necessary to

'é gsenerate a new plan. Generative process planning stipulates that process

Yy plans are created from scratch. Contemporary generative process planning

: systems require some degree of user intervention, especially in the early stages
where the outline of the plan is determined. Automatic process planning is

:‘:E thus the ideal, fully automated, interaction-free, generative process planning.

o

::ﬁ Progress in automatic process planning has thus far been confined to metal

:-': removal processes only. Automatic process planning for machining-only

y operations is best attained by de-machining. De-machining stands for building

._, up the removed material over the required finished part, reversely emulating

'}j the removal of the metal. As for metal forming processes, there has not yet

' been developed a corresponding basic process planning strategy. "de-forming"

- may, similarly to "de-machining” designate the reverse deformation, but it has

3 not yet been formalized for automatic process planning of forming processes.

'.t; Interest in computer aided process planning of forming processes dates back

o+ to the time when ideas about automatic process planning in machining

"
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o emerged ([Berra]). First system ([Niebe]) was merely a group technology (GT)
ey ’ . :
::! based retrieval system. It emulated the industrial practice of assigning a
Wy . . . .
et process to a given part. A part is manufacturable by a certain forming process
P if its features are within the scope of application of that process. That scope
y A
:g’: of application is determined in accordance with empirical knowledge and a
b collection of "rules of thumb". Salient measures of the scope include: size of
Ay . . . .
4 part, class of geometry and configuration, material type, quantity required and
PR cost of manufacture. An accurate tabulation of these measures requires an
Bk ) . . . .
::"‘:;',: exhaustive formulation of all possible combinations of the aforementioned
" . . . . .
‘,a',;‘::: variables. Obviously, the scope of possible combinations, with more than
Ml . : .
R 30000 materials, hundreds of geometry classes and grocups of sizes. surpasses
ot the experience of any individual. GT classifications for forming processes have
o
::%‘ thrived in the 60’s, notably in the Germanies, as aids to preform design and
)
",‘::::" process selection. Examples include: "Spies", "Gurevich", "Walter" and
4 p " . ¥ 1" " . " L] " 0
e Auerswald" for forging, "Puschman”, "Aachen-Opitz" and "Salford" for sheet
s metal parts, "Stuttgart" for flow turning and "Malek" for foundry products
Uy
:::I‘,' ([GallaKn]).
N
) : . . .
‘n".ﬂ‘ Non-GT computer aided process planning in forming processes has actually
RO . . o o
o been GT-based too. Boeing's sheet metal process planning system (BUCCN)
p A and Brigham Young’s decision tree system [AllenSm] represent this type. Some
';7'*.,‘ N . .
8¢ progress has been made in the development of computerized aids for the
At . . . .
o parametrization and testing of forming processes (e.g. [Lee|, [OhLASL1]).
LR . . .
, Nonetheless, computer driven process planning for forming processes has
‘ _A largely remained a computer-aided and geometric-only discipline.
X .r_:.}
j:}.‘ P It is generally accepted that analytical solutions to a forming process are
‘"- impossible to obtain unless geometry and boundary conditions are
. outstandingly simple. Indeed, few fine grain analyses are used in industrial
,‘ N practice or embedded in computer programs that solve a particular forning
o problem ([BoerJ]). Industrial practice relies mainly upon islands of empirieal
o knowledge, utilized in an “expert-like fashion. With the evolution of finite
: element analysis (Kobay85]), special purpose programs designated to determine
the local strains during the deformation provide a means to more accurately
N predict formability limits.
"-f‘?
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X As a result of the analytical complexity, process planning in forming
processes is much more ditficult than process planning in machining-only
processes, In this sense, formability is only a partial substitute to
machinability. A deformation can be executed within a certain range of
parameters. The range means that threshold preconditions have to be satisfied
so that incipient tlow can be initiated, and that once flow has started, the
accumulated history of the deformation zone aflects feasibility, not just the
current shape and mechanical properties . Expansion of the machining-based
2 automatic process planning to the domain of forming processes requires first

that some basic research issues be solved. These include:

— Differentiation between the principal part of the plan of manufacture and
the detailed design and parametrization of parts.

P
b et

4 -~ The role of feasibility in the actual generation of one forming operation,

'.‘ and ultimately in the entire process plan. [t is the feasibility of having the
process started and of producing the required end-features as well as of

: successfully completing the deformation.

o

s - Prototyping the technological knowledge of one forming process and a

)
family of forming processes.

$,

) — Modeling the automated generation of a sequence of forming processes.

e

)

9

[)

The generation of multi-technology process plans, e.g. of some forming

-
P

operation and complementary machining. This introduces the problem of

determining the preform the part will be machined from as an integral part

.

of process planning.

e

" The nature of the technological knowledge, even for machining-only process
| plans brought many researchers to the conclusion that the initial stages of
; process planning stipulate creativity ([Spurlkt]), implying that a fully automatic
: process planning system is not attainable ([Nau82]). However, developments in

artificial intelligence (Al) - automated reasoning and plan formation - and their
application in expert systems may provide the knowledge of forming processes

with capabilities previously attributed to human beings only. A preliminary

evaluation of the nature of the technological knowledge is thus a prerequisite

M ol

to an investigation of process planning in forming processes. Such research

)
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indicates that many of the characteristics of the forming processes knowledge
make it amenable to be manipulated by rule based system (RBS).

Rule-Based Systems have been found to be a good fit for plan generating
systems (e.g. [DavisKi|, [Nilss80]). Automatic generation of process plans is
basically a task of the same class. The backward (or: goal driven, top down)
reasoning method, in rule based systems, corresponds to reverse manufacturing.
It starts from the goal, and tries to match the database by generating and
satisfying subgoals.

With the knowledge being organized, a strategy for utilizing it to generate
the feasible process plan has. to be developed. Since an outright solution is not
attainable, some form of problem reduction is needed. Problem reduction
implies creating and verifying subgoals. One of the techniques of problem
reduction is "hypothesize & test" (H&T) ([Nilss80], [Wos]). The H&T strategy
- (a term usually applied to scene analysis) - or its plan formation counterpart;
"generate & test” (G&T), offers a real-life-based approach to plan formation.
Forming the hypothesis is another matter; although some research in
mechanizing the hypothesis formation has been carried out ([Hajek]),
application can not yet benefit from it. As it became clear that generalized
problem solvers did not furnish useful tools for automatic planning, more
sophisticated, but at the same time domain-dependent systems have been
sought. Techniques for such planners include hierarchical planning (ABSTRIPS
[Sacer74]) and NOAH ([Tate77]) and plan amendment (DCOMP [Sacer75|,
[Sacer79]).

Recent extensive activity in Battelle Labs. is the attempt to harness R3S to
process planning of forming processes, especially in forging. One system
developed there, FORMNG ([Badaw|), generates the sequence of closed die
forging operations for axisymmetrical parts, given a particular billet. Other
rule based systems developed there prototype the design of special-purpose
preforms and blockers for closed die forging. Nonetheless, the application of
RBSs to generate process plans of forming processes has thus far been contined
to improving the data manipulation mechanisms. A theory that would apply a
strategy of generating process plans to the semantics of the knowledge of the
particular forming process is still sought. This research is aimed at

contributing towards this goal.
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1.2 Research Objectives

The objective of this research is to formalize a method for the automatic
seneration of multi-technology process plans for the manufacture of metallic
workpieces. Since process planning is a phenomenological discipline, the
method has to be formulated on the basis of a special application. Taking into
account the differences in the technological capabilities of processes the method
will be significantly modified when applied to other sets of processes. Hence,
the process of analyzing the technological knowledge and formulating the

process pianning method is as important as the outcoming product.

The applications which are the objective of this research are:

— Axisymmetric and monotonic parts, produced by deep-drawing and
machining. ’

— Deep-drawing processes that are capable of producing straight-walled,
flanged, tapered or hemisphgrical, stretched or drawn deformation zones.

[t is presumed above that if machining is used during the forming stage, it is

limited to auxiliary operations only, mainly to qualify surfaces for the next
deformation.

This planning system would be employed after a preliminary evaluation can
reveal that the candidate processes are applicable. With the set of
participating processes given and the presumption about use of machining to
remove material from a part produced by forming operations, three research
tasks have to be accomplished to attain the automatic generation of multi-

technology process-plans, namely:

I. The essence of the principal part of the plan of manufacture (process

outline) w.r.t. the rest of the details of the process plan.

[

Automatic generation of the formable preform out of which the part can be
machined. In the context of forming and machining, machining processes
are applied to out the preform that has been produced by the set of

forming processes, thus producing the part in its final form.

3. Automatic generation of the forming-only process plan to manufacture the

preform.
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,;E _ The study of the feasibility of constructing a multi-technology process
S planning system focuses on the forming part. Although no system has vet been
X implemented in industry, the technology of automatically planning the
I machining of monotonic axisymmetric parts has attracted much of rescearch
:; and may be considered conceptually solved. It follows that the opening and
'::.r crucial part of the research is the study of the technological knowledge of the
P candidate forming processes. This study is expected to furnish the investigator
R with the tactics and logics needed to design the system.
y
:;': A preparatory study of the technological knowledge has indicated that the
‘:'.: following techniques can be used:
a0 1. The automatic design of the preform corresponds to automatic
:::: circumscription of the part by a formable preform. Computational
~;::’ geometry will be used to obtain the circumscribing preform while the part
'2'} will be represented as a monotonic polygon. The output of this stage is a
o CAM description of the circumscribing preform - the cup. Since no
:ia' conclusive procedure for optimum circumscription was found and several
1:0‘ heuristics may be attempted, a RBS promises to provide a useful structure
“w for their manipulation.
:": 2. The automatic generation of the forming-only process plans is perceived as
o an Al plan synthesis system. The supervisory plan synthesis tactics will be
lE:‘ derived from the technological knowledge.
o

In each stage of the research, the overall intent is to set a pattern of study
:,“ that can be applied to broaden the set of applicable processes, and not only to
ad-hoc build a system for machining and deep-drawing.
1.3 The Domain of Instance: Industrial Environment, Parts, Processes
R
| _; The multi-technology process plans are gencrated for a family of
’ axisymmetric parts that are deep-drawn and subsequently machined. The
- application and the industrial environment it is typically found in, are
elaborated below,
A
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i Environment.
4t
:" [he industrial environment of the AGNMPO syvstem is the small batch. or
. one of a kind, technologically advanced manufacturing. The prevalence of this
f:':t mode is widely publicized and will not be elaborated here, Normally, in this
i . . . .
é manufacturing environment the processes that may be part of the final process
‘s . . . .
) plan are the ones practiced in the plant/enterprise. Thus, expanding the scope
s . . . . . .
of automated process planning to include non-chip-forming processes only, is a

e real industrial necessity.

13
'
:1;: Products and Processes:
T,
.. The end parts are workpieces with rotational symmetry. The family of
B,
¢ . . . .
i rotational parts constitutes a major share of the batch manufacturing
:,. industry, and thus the need to generalize the scope of products is not
Wy . N . . . . .
» exceedingly acute. Furnishing a solution to this family alone is a sufficiently
. significant task.
e
o The axisymmetry property leads to rotational shape producing processes.
\
¢ Within the forming processes this domain includes: drawing, spinning
W

extrusion, tube sinking, raw tube-producing processes, and even surface
Jdeformation processes like shot-peening and burnishing can be added. The
AGMPO system is currently capable of generating deep-drawing processes,

cach being capable of deforming a set of primitive shape elements to a new set

e LY vy

et e N s A

of primitive shape elements. For example: straight cupping can convert a disc

K to a straight vertical cup, with or without a flange.
M )¢
!
A . . . . -
Nl Raw material out of which the raw workpiece is cut is assumed to be a
!‘ o
;f: standard stock item in a metalworking plant or an 'off the shelf' item in metals
o1
) wareliouses. [ts forms, sizes, mechanical properties and metallurgical structure
g
7 are commercially available, i.e. within the range of products of raw stock
-
_ producing mills.
b
e |
Representation of Technology: ‘
i : - o
o lechnology is represented realistically; boundaries will be set for normal
b V)
o (conservative) industrial use, and not for the special cases that "streteh” the
W technology. Assumptions about parts and processes apply to the bulk of themn,
;,
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3?;% _ but not necessarily to all of them.
L
' Deep-drawn and Machined Parts:
:?‘;:;: The part in Fig. 1 exemplifies drawn products and parts that are commonly
% \ . . .« . .
g manufactured by a combination of machining and drawing processes. Decep-
"ffngz‘ drawing processes implemented thus far in AGMPO are capable of producing
et monotonic cups. The machined parts will therefore be monotonic too. This
:ﬁ)“:’ property does not impose a drastic limitation since de-machining to produce a
o monotonic part is realizable.
X
‘ In common industrial practice the part of Fig. 1 would have been designed
.,:',:.;' by an experienced designer who would have had taken into account the
‘;ftﬁ technology needed to produce it. Proficiency in the technology implies that
i:‘;;;; one masters the capabilities of the processes w.r.t. each of the candidate
ik materials, the preformances of the machines and availability of raw material in
Wi stock.
8
o .
’;ﬁf;} 1.4 Preview of the Research
:’;‘: Chapter 2 of this thesis provides the background. It summarizes previous
::-:: work in the process planning application and data manipulation areas. It also
::33: introduces taxonomy that is used throughout the work. The essence of process
. planning, process planning in forming processes and computer aided process
:::;,: planning in forming processes are research matters by themselves. They are
e"::‘ studied and elaborated upon in this chapter to the extent that the first
.:::3.: research objective, characterizing the basic part of a multi-technology process
s plan, is met. Chapter 3 is a detailed study of the technological knowledge of
e deep-drawing‘ processes. [t produces a formulation of the technological
f»::ﬁ knowledge in the form of rules. Chapter 4 outlines the entire AGMPQO syvstem
.:::;'. and the methodology it is based upon. The system accepts a CAD design of
- the required machined part and turns out a process outline to manulacture it.
e Significant Al mechanisms that are not developed within this research but are
:‘ used by the AGMPO system are briefly deseribed at the end of this chapter.
E:.‘ The forming process planning module, AGFPO, uses three main mechanisms to
"‘2: automatically generate decp-drawing process  outlines.  Before  these
n:‘i
o
":'I
B
Ay
o
R e S
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E} Figure 1-1. Part manufactured by a combination of drawing and machining
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- mechanisms are studied, the methods of workpiece representation and
conversions between the representations have to be defined. This is done in
chapter 5. The supervisory reasoning tactics; "generate & test and rectify", is
. used for both the design of the preform and the generation of the deep drawing
R process outline. Hence it is introduced in chapter 6, before its applications. The
;;I automatic circumscription system ACDP, created to produce the preform
' follows in chapter 7. Chapter 8 gives the description and formulation of
e another independent reasoning mechanism, the automatic construction of the
inclusive test. This mechanism facilitates the automatic generation of the
Mg appropriate inclusive test for each hypothesis. Examples of system function
and evaluation of the results are given in chapter 9. In chapter 10 the
research is summarized and suggests for future work are offered. Some
l:‘ subjects, especially those of the technological knowledge, are of immediate
;} practical applicability.
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- 2. BACKGROUND
i
1
3
i)
0
s Nomenclature
kY
X ACDP - automatic circumscription by a deep-drawable preform.
s .
i:z CAPM - computer aided process modeling.
tt- CAPP - computer aided process planning.
)
a CG - computational geometry.
CPP - computer driven process planning.
N
X . o . .
) CPPF - computer driven process planning of forming processes.
! '* - - - .
i CPPM - computer driven process planning of machining processes.
149
b IS - Expert System.
FDM - finite difference method.
& . )
o, EM - finite element method.
" . . . - .
V::p( IFLD - forming limit diagram.
Py - .
:,: PP - forming process.
GPP - generative process planning.
'\
i o
.: G&T - Generate and Test.
5 G:T - Group Technology.
"o G&TR - Generate & Test and Rectify.
KB - Knowledge Base.
‘( - . 3
i O(x) - in assessing complexity: on the order of x.
st
gf". PNV - process model or: process modeling.
Yy .
o I’O - process outline.
a PP - process plan or: process planning.
-
\y:: I’Pl* - process planning of forming processes.
l'. - . .
.:,: PPN - process planning of machining processes.
¥ \ .
) RBS - Rule-Based System.
"
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oK 2.1 Contents of the Background
'\). -
:-‘«: - . . )
‘ A study that is designated to produce an automatic process planning
’ method and system requires the merging of extensive knowledge from diverse
LR K . . «
o fields. Three main types of background can be identified:
e )
-; — the technological knowledge of the processes emploved,
t}-" — the data manipulation techniques and

— the process planning systems knowledge that facilitates the construction of
1N the system.

e - . . : .
ay [ The preliminary investigations leading to shaping a method and a svstem for
?:., automatic process planning naturally involve in-depth examination of the state
of the art of automatic process planning of machining-only processes.
"’.’ Introductory summaries of this domain can be found in [Weill], [Spurl<t],
.'. [ChangWy|. Due to the extent and diversity of these studies, only the
N background having direct relevance to the method developed throughout this
N g p g
s . . .
) research is presented here. This background serves also the taxonomy needs of
\{ . 3 . .
b~ this work. The discussions about the essence of process planning, process
r ,,: planning in forming processes and computer-aided processes planning of
iy . . .
sy forming processes constitute a study by themselves rather than just a summary
' of contemporary knowledge.
-
?: A Process planning, being a phenomenological discipline, requires that a study
3
-"-2 in it be based on the true characteristics of the processes involved. A multi-
8 . . . .
2N technology process planning has to include the knowledge of putting together
p Y g p
- the participation of the various processes. Automatic process planning has
4
LR thus far been almost exclusively confined to machining only and will not he
%% . .
:v.', expanded here. The background will therefore focus on forming process
)
:39..! planning and combined process planning of forming and machining processes,
B The detailed knowledge of the forming process to which the method is applicd
SN - deep-drawing - will be studied in the following chapter. It is postulated in
‘\,\ p g g [ |
nS . . . .
O this study that a process planning method is not a matter of data-
VoY) A . .. .
ﬁ* manipulation only, but that the characteristics of the technological knowledge
a determine the process planning method.
e
et
ol Forming process planning introduces new factors that have to be studied
bros g P p g
.'i: hefore the detailed design is pursued.  One sueh factor s feasibility.
i Feasibility in forming can often be assessed only alter evaluation ol the
LW
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sequence of deformations. For the purpose of designing a feasible deep-
drawing process, a design practice and workability evaluation procedure are
needed. A design practice is designated to handle complex stampings that
require o sequence of deep-drawing processes, l.e. redrawings. To illustrate
workability, principal process variables will be considered:

— press power required to bring about flow of metal,

~ drawing ratio and

— the completion of an operation without major defects.

The characteristies of forming process planning and the state of the art of
computer aided process planning of forming processes are presented in the

following sections.

The multi-technology process planning system merges computational
seometry (CG) and artificial intelligence (Al) techniques. The CG techniques
form the basis of the automatic design of the deep-drawable preform. Works of
relevance in CG are outlined below. The principal Al techniques: namely
modeling of the knowledge in the form of rules, plan synthesis tactics which
are an embellishment of the conventional "generate & test" and backtracking

search strategy are characterized in the third section of this chapter.

2.2 Process Planning

<

e

Since the method that is sought to be developed in the research i
directed to automatically plan a process outline, - the basic physical plan of
the manufacture of a part - it is first necessary clarify what is process planning
and what is the place of the process outline within it. Aspects of process plan

automation, valid with machining-only as well as with forming and multi-

technology process plans conclude this section. This discourse will be followed !
by the characterization of process planning of forming processes and the state

of the art of computer driven process planning of forming processes.
2.2.1 Process Planning: Scope, Structure and Contents
2211 Introductory Definttions

Mrocess  planning (PP} s still undergoing  erystallization  as  an
] s S

engineering  diseipline. Fven the term is not vet standardized and  the
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frequently encountered phrases "manufacturing planning”. "material

processing’ and "process engineering" eventually mean PP. Most of the

formalization has thus far concentrated on machining technology only (PP in

Machining-only is henceforth abbreviated PPM) and on isolated "islands" of
o »

the overall process plan (PP). The following introductory overview is therefore

intended to clarify, rather than formalize, notions that are used throughout

the discussion of the term.

Process planning is the activity of producing a process plan. The term plan
has various definitions. Two of these are presented below:
A plan is: "any hierarchical process in the organism that can conirol the
order in which a sequence of operations is to be performed"!, or:
A planis: "a directed graph" [ChangLe].
The following definition is found to best serve the PP context:
"A plan is a sequence of actions needed to achieve a certain goal determined
before acting'.
A plan is distinguished from a design.
A design is the set of specifications needed to meet a particular set of
requirements, e.g. those of a mechanical workpiece, an electronic circuit, a
communication network.
In many cases, including PP, the objective of the plan is to attain a certain
design.

PP is not a straightforward activity. Manufacturing processes, on the other
hand, are more easily formalized. They have a definite order, procedures to bhe
carried out, and consist of discrete sequential steps. Delining the PP activities
in terms of the manufacturing operations is intended to render them
formalizable.

PP has drawn a great variety of definitions. One major aspect ol the

diversity is the scope of PP, i.e. the answer to: "what is included in PP 7"

1. Miller, G.A., Galanter, E. and Pribran. K.H. Plans and the Structure of Behavior. p L5,
Holt, New-York, 1960.




A w "o

vk
:f',., 15
ig.
Eﬁé The following attempts to detine PP demonstrate this.
ﬁh: Eary and Johnson ([EaryJo], in one of the earliest engineering approaches to
f§5 PP). state:
. " the function of determining eractly how a product will be made."
:' 2 Chang and Wysk ([ChangWy] version is:
\?g ".. that function within a manufacturing facility that establishes which
3 machining processes and parameters are to be used (as well as those
y machines capable of performing these processes) to convert (machine) a
;: piece part from its initial form to a final form predetermined (usually by a
;ﬁz design engineer) from an engineering drawing. Alternatively. process
W planning could be defined as the act of preparing detailed work instructions
. to produce a part."
,\i In [WyskBM] the following, very general, definition is found:
{ﬁ PP is "the subsystem responsible for the conversion of design data to work
j!_ instructions.
" Weill ([Weill]) expands [WyskBM] definition:
.-'.} " . process planning is exclusively concerned with the selection of suitable
:‘]' processes and tools to transform raw materials into a finished product
;{ according to the design drawing. ...process planning can therefore be defined
. by the methods and the sequence of machining a workpiece to produce a
'ié finished compohent to design specifications."
::J In view of the above, and of the underlying intent to expand PP to cover
E also nonmachining processes, the following informal definition is proposed
) liereby:
*,{', A PP s the sequence of metalworking operations. each specified to the
"' desirable detail, ezcluding managerial aspects, to convert a given raw
R workpiece to a required finished part.
'_':. Some of the building blocks in the above definitions and other prerequisites
! 2; intended to be nsed in the forthcoming discussion will be first clarified.
o Part - the finished product. as specified by the design. Given in a part print
and complementary specifications.
i*E Workpiece - a partially finished part. A finished workpiece is a part. -
N Stock - standardized piece of raw material the processing starts with, e.g.
o bar, sheet, tube, billet.
\'
T
g
o

H I f’ﬂ RN R L ARy

e
o’ e . .
0 ddv&:fchc«.m AR AR,

'-(- .l'\-,'\ (""1 \"\}.‘\'
Qﬂ"

" - v
"\ T
-



L 16
o
‘.!_,'\. . Raw workpiece - the metallic workpiece the manufacture starts from. It can be
4:$~ either a stock material or a partially finished part.
W

Process - Definition by example: drilling, gundrilling, counterboring. closed-die

forging, ring rolling, etec. .

FIARCE

Technology - a discipline of processes working on the same principle, c.g.

>

machining, forming, sheet-metal forming, heat-treatment, casting, .. .

Element - the basic metalworking action producing one change in workpicce
;:i.'." specifications. For example: drilling six equally spaced holes.
;‘é::': Operation - the set of metalworking elements performed in one work-station.
E';::' Necessary specifications: initial and final specifications of the workpiece
e and the mapping process.
g Plan of manufacture - the entire set of planning activities: the PP and the
o production management plan.
-'l':': Multi-technology (composite) process plan - a PP having operations of more
than one technology, e.g. forging and machining.
s -
-_t: Many references used by process planners describe capabilitics of
::' metalworking processes but do not explicitly claborate process planning
‘~" practice. The presumption in the following discussion is that process planning
is the set of actions producing the process plan. Process planning activities are

'_\:f'; therefore derived from the contents of the process plan. The PI> concept
::- developed here is hierarchical. structured and composite. The study of the
o formal structure and semantics of PP is expected to help develop a
. methodology of producing it.
.
:::;: 2.2.1.2 Scope of Process Planning
.
.{;: While metal parts are manufactured by a combination of technologies,
- PP, as an engineering domain, has largely been confined to machining. ’I’ is
o henceforth generalized in accordance with the true spectrum of manufacture,
~'¥j: Manufacturing processes may be categorized into six "arch-technologies”
:::: (adapted from several references):
X [. Primary forming: original creation of a shape from the molten or gaseous
;:; . state, or solid particles of undefined shape, e.g. casting, powder metallurgy.
&:
; II. Deforming or Forming: Shape of a given solid body is converted to another
\: shape, without change in mass, material or composition, e.g. forging,

%
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extrusion. bending,

1. Separating: Removal of material, e.g. machining, punching, electro-chemical

machining.
IV, Jowing: Uniting individual workpieces to form a subassembly, e.g. welding.

\'. Coating: Application of thin layers to the surface of the workpiece, e.g.

galvanizing, electroplating.

V1. Changing material properties: Deliberately changing material properties at a
certain point in the manufacturing process by modifying the structure or
orientation of particles, or diffusion of other elements, e.g. heat-treatment,

nitriding, shot-peening.

The first four groups modify the shape of the workpiece. One way of

breaking them into subcategories and principal processes is shown in Fig. 1.

The classification of processes helps in identifying the settings in which
valid PPs can be developed. Common PP settings are represented in the paths
a PP can take in Fig. 2. The network structure, even for the highly abstract
level of technologies and subtechnologies, points to the enormity of the PP

space.

The part should be manufacturable by the examined technology, i.e. it
should be machinable when submitted to PPM and formable when the
particular set of forming processes is intended to manufacture it. Otherwise

the PP activity cannot be accomplished.
2.2.1.3 Dimensions of a Process Plan

The PP, being a plan, is a sequence of operations. The structure and
content of each operation are. however, a matter of great diversity. The above
proposed definition of PP does not unequivocally elaborate the content of each
of the operations. A PP, similarly to other plans, can be characterized in four
dimensions:

a. elements of the PP, b. specificity, c. level of detail and d. determinacy.

These dimensions follow:

Islements of a PP:

AR Y
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Figure 2-1. Shape changing processes ([MooreKi], Fig. 7-2).

PP is commonly outlined as a list of activities. Since most PP study have been
confined to machining only, elements of this list apply to the machining-only
domain. The following lists substantiate some of the different perceptions
about the contents of PP. The output of each activity is indicated in
parentheses.

[EaryJo] stipulates continuous feedback from the PP to the design. Even
redesigning is considered a PP activity.

i. Determine basic manufacturing processes (operation code).

ii. Determine order of operations to manufacture a part (operation sequence).
ili. Determine tooling and gaging (tools, gages for inspection). .

iv. De‘termine equipment (machine, work-station).

v. Determine necessary part design revisions originated by manufacturability
analysis (part drawing revised).
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" Figure 2-2. Common PP paths at the technology level
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vi. Examine functioning of tooling and equipment (tools & equipment).
vii.Estimate duration and cost of operations (duration & cost of opcration).

viii. Determine necessary part changes originated by time and cost analysis

(part drawing revised).
ix. Redesign part (part drawing revised).
[Weill] elaborates 10 sequential phases through which PPM is carried out:
i Sele;ct processes and tools (process code, tool).
ii. Select machine tools (machine).
iil. Sequence the operations (sequence of operations).
iv. Group the operations (sequence of operations, modified).

v. Select workpiece holding devices and datum surface (fixtures, clamping and
datum references of the workpiece).

vi. Select inspection instruments (inspection gages).

vii.Determine production tolerances (specifications of the intermediate
workpiece).

viii. Determine proper cutting conditions (cutting parameters).
ix. Determine cutting and non-machining times (duration times).
x. Edit process sheets (final PP forms).

Putting industrial practice together with the above lists, and their kind,
yields that a machining-only PP consists of a sequence of operations. cach
specified by:

state of workpiece at the end of operation (geometry, including tolerances),
process of the operation,

cutting tools,

machine (or work-station),

features being machined, their datum surface and clamping surfaces,

clamping and fixturing devices,

inspection gages for features produced in the operation,
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o

t e muachining parameters for each machined feature.

'y e duration and cost estimates,

i e form features that have manufacturability problems (feedback to design).

'. Time and cost estimates are fully determined by the operative features of
the PP. Though their role in the determination of the final PP cannot be
" overstated. they do not change the physical process and therefore will not be
" henceforth considered components of PP. Another limitation pertains to the

k» compromises that can be made w.r.t. the initial design. In the forthcoming
discourse the part is taken as a constraint. [n reality, as pointed out by
* [EaryJo], feedback to the design is an important function of the process

. planner.

N Specifictty:

N

N A PP can be a generalized document or a specific one. A generalized PP is

) independent of specific stock material, machines, fixtures, jigs. tools and

] inspection gages. It is given as the sequence of workpiece states, the mapping
i process, schematic tool geometry and conditions at the tool - workpiece
o interface. A truly generalized PP should be specified in the following terms:

:’ - i. Initial stock material: availability, metallurgical and mechanical properties.
i ii. Machine capabilities, e.g. sizes, speeds, desired accuracy.

‘

B iii. Clampings: elements that must be machined in one clamping.

-

Y iv. Tools: jigs. fixtures, dies, gages, cutting tools, etc. should be specified in
‘, terms of their desired functional features rather than full technological

! design.

v. Alternative routings that are specified as a function of a particular volume
> of production and take into account features that can be machined
5 independently of others.

A generalized PP has to be feasible whereas an instantiated PP has to be
' also realizable. Feasibility implies that the operation can be initiated and
E completed successfullv. In machining feasibilitv exists if. among other things,
- the feature to be machined is approachable and workpiece hardness can be
overcome. A feasible forming operation requires the flow of the metal be
4
i
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:'.., - unimpeded, ending in a defect-free workpiece. Realizability pertains to the
et . . (e . . .

c:::t: actual execution by given facilities. It always pertains to an instantiated PP.
o,

While feasibility is intrinsic to the PP, realizability is external and localized.

Degree of detaul:

In industrial practice it is commonplace that portions of the PP are
prepared by several functions in the plant. Partial PPs, especially for

A machining operations in prototype and small batch production, are passed
iod . . . .
.:3 down to the shop, leaving the determination of operative parameters to the
~ . . . . . " . -
5.3 foreman or machinist. A practical question is thus: "what are the minimum
e conditions that qualify a document to be a PP ?". The most relaxed form a PP
“w’ can be given in is a sequence of specified workpiece geometries and mapping
‘ ;
v,; technologies. Another view requires the PP to be detailed down to the level of
5 L]
"%":: operations. Usually, the degree of detail of the partial PP reflects the depth of
o the engineering attention given to the part. It depends upon:
B _\: a. Craftsmanship required to successfully accomplish each of the operations.
~
' b. Type of production (prototype, small batch, ... mass production). and
o prototyp
hx machine shop organization (e.g. along product or functional lines).
"\ ¢. Type of industry (minute details are a must in an aerospace environment).
¢! 3
)
‘Q’ i d. Stage of maturity of the product and the engineering involvement (proven,
%
% - engineering saturated parts will be highly detailed).
;: " e. Level of standardization in the machine shop.
l. ‘.'.1
0 f. Technologies incorporated (heat-treatment requires a rigorous definition
N while conventional machining can, more often than not, do without it).
a5 g. Level of computerized automation.
Ly
% Determinacy of a sequence of operations:
A~
> Usually the PP is specified as one deterministic sequence of operations.
.}::;: This custom, though being the result of the limited time a process planner can
¢,
»{"& devote to a single part, eventually works satisfactorily for non-automated
é" shops and parts not depending upon a critical resource. In computer
)
Wil supervised systems, however, and especially in FMSs, alternative routings
P
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enable much better utilization of resources. Alternative routing is a must

when critical parts and resources are involved.

Two additional features of the operations composing the PP, namely

semantics and formal structure, are further examined in the following sections.
2.2.1.4 Semantics of a Process Plan

A semantic evaluation of a PP focuses on the function and status of
the operations. A complete PP starts from basic stock material, e.g. sheet, bar,
ingot, tube. Allocating the appropriate starting stock material is alwayvs a
principal activity in a PP. Examining the subsequent sequence of operations
reveals varving degrees of importance and some hierarchical relationships. The
principal part of the PP specifies the sequence of the main intermediate states
of the workpiece and the mapping processes. In the context of multi-
technology manufacture, an originating process is the non-machining process
producing the preform; the extra material of the preform is later machined
away. The originating process, which is a sub-process of the PP, may be
composed of a sequence of several non-machining operations and incorporate
intermediate auriliary machining operations. A major or critical operation is

an operation without which the PP cannct be accomplished.

Not all the operations of a PP are constrained to be executed in a sequence.
Some operations are independent of sequences of previous operations. These
operations are named here secondary operations. Embossing a sheet-metal
plate which is not designated to be subsequently machined, or drilling a hole

which is not referenced by other surfaces are secondary operations.

Quality assurance and managerial considerations require that supporting
operations be embedded in the sequence of the manufacturing operations.
Inspection packaging and storage are included in the category of supporting
operations. These operations do not change the state of the workpiece but

may determine different routings.

Auxiliary operations facilitate the execution of a main operation.
Intermediate machining between spinning passes, stress releaving heat-
treatment between rough and fine machining and grinding welded seams

hetween successive passes fall into this category.
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.\E — A qualifying operation prepares a surface of reference to be later worked on
Sy and is thus restricted to metal removal processes only.

A

. These types of operations are shown in the PP example in Fig. 3.
)
; By restricting the PP to physical changes, we have excluded supporting
" operations from the forthcoming discussion. In real practice, howecver,
Yo supporting operations have as important a role in the routing as have
operations changing the physical properties of the workpiece.

T

":: 2.2.1.5 Formal Structure of a Process Plan
“” The semantic identification of a PP constitutes the basis for a
ek hierarchical structure since the top, commatting, level of the PP can be
. :'}: extracted. This level is named here process-outline (PO). A PO is the basic
jl technical plan to manufacture the workpiece. It is the sequence of operations
o) leading from the raw workpiece to the required finished one. Each operation is
:5..' : designated by the 4-tuple:
o e operation #  (serial number),
:\ .j:, e process (code),

e workpiece specification at the end of operation

;E?“ (geometry and mechanical properties),
'}\., e equipment (machine, work-station).
:f Once the main, committing part of the PP has been established, the
s detailed design of the PP adds the non-principal operations (auxiliary,
:: secondary, qualifying) and the operative aspects of each operation. The details
o of an operation include the design of jigs, fixtures, tools and gages, the
:’f"t' determination of the operating parameters - parametrizing, and the detailed
eed description how to execute the operation. In parameterizing a machining
by _; operation the speed, feed, depth-of-cut and coolant are determined. The
i\ parametrizing of a forging operation consists of determining the force, speed of
:334 slide, temperature of the blocker (the preform after the preparntory forging
v stage), die and lubricant and the surfaces to be lubricated.
3‘: In adopting a hierarchical view of the PP it is presumed that it is possible
vfj to assess the feasibility of the complete operation before the detailed process
" design, .t the PO stage. A hierarchical view of PP is desceribed in IMig. 1.
g
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',' Figure 2-3. Semantics of operations in a PP (|[EaryJo], Fig. 191, p. 281)
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e Element, Element, ee Element,
W%
L J - . . -
R Figure 2-4. Process plan - a hierarchical view
) Since an operation consists of a series of elements being performed on the
o
A . . . . . . .
o~ same machine (in machining, preferably, in the same clamping), a sequence of
. . . . '
'y those elements has to be established. An operation outline is thus defined
'S-"' p
. along lines similar to the ones defining the PO. An operation outline is the
.- sequence of elements performed on the same machine where each element is
o7
:;: the 3-tuple:
v(\:
>
b+ e element # (serial number),
. e workpiece specification at the end of operation
oy . .
:: (geometry and mechanical properties),
'_::: e facilities (jigs, fixtures and tools in machining, or dies in forming).
"'. > . pe - . . .
" Element specification is the lowest operative level and the one that is
J actually executable. It specifies, in a standardized language understood by the
_’: specialists of the particular process in the shop, the exact procedure of
carrying the element out. In many cases, somewhat proportionately to the
"3 decrease in batch size and especially in nonmachining PPs, the levels of
s operation and element are unified. For exampie, a deep-drawing portion of the
"'h:: PP that consists of several "elements"” - called "passes" in forming - is, in Ihet,
: a sequence of operations rather than one operation. It has different tools. set-
Y ups, and operative parameters, and contributes to the strain path, which
Ve determines feasibility. Representative PP, in the form of a routing sheet and
v, . . . . .
o portions of it, namely process outline, operation outline and element
N specification are shown in Figures 5 to 3. Fields in which specifications are
1.9,
v mandatory are marked with an asterisk (*).
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Al COMPANY No. 10 l Department
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) Product Description

Name: pan_ABC

LY
‘ Product #: Ck 53N
' Drawing #: 03116-6235
AN Raw Material: Size 500mm diameter and 3000mm length

‘:»,- N{at rial Aloy steel high carbon content, quenched to Min 45Rc¢

L]

ﬁl
I O recedence . Spec. im
“" P P L‘ ¢ Operation Description f Fixture Machine Time

0 # Code #

set-up run’

.'
‘.

Lt Check raw material out

of warehouse storage.

"
¥
’l
! Cut bar stock into 6
20 J 20 2 10 T00
* discs.
2 Trepanning inside of
~ ; -
h 30 4 . 30 30.10 3 400 740
3\ ‘ cylinder by EDM.
K.
> Turning: OD faces and 20
40 / inside — rough except 40 4

for H? requirements.

3
; Saw isc int
» 50 , :a\fmg each disc into 50 2 10
R4 2 rings
4
60 / Facing (turn) 60 4 60
-2 70 ! Mill the 4 slots. 70 5 100
-f: Mill plane and drill 120
|80 80 6
™ ' side holes.
_ 00 / Tap the MI10 taps 90 6 60
. Designed By: | Revision
..
v, Cherked By: | Date.
’ ]
M Unit, minutes
i ‘ .
. Figure 2-5. A process plan (routing sheet)
%
L™
N
,l
'.l
e
L]
W,
*
t.4

i.(". t "'ﬂ‘-"'f"-x V""- -
PR - -'\- ot
‘\‘N M %) \F»“. ~ \"




2216 Generating a Process Plan

Process planning is not a hardware producing activity. It can, however,
be formulated in terms of the manufacturing activities, through tnverse-
manufacturing, or backward process planning ([BarasFil). A conceptually
inverse process is termed here: de-manufacture. For example, “de-bore™ a hole
means: fill up the "tubes” removed during the boring activity, starting with
the outmost cylinder and ending with the tube that makes up the starting
surface. Similarly, "de-form" is the inverse forming operation. "DeCup"
means: straighten the cup to produce a flat blank.

The hierarchical structure of PP implies that PO generation is the opening
and most significant phase of PP. It requires mastery of all the processes that
can be performed in the plant, detailed knowledge of maierial behavior and
limitations of available machines. A composite PP is built essentially of two
principal subprocesses: the originating sub-process and the finishing one. The
machining sub-process starts with a preform, which is the output of the
originating sub-process. Components of the PP are hierarchically built to
"width" and “"depth". "Width" is broadened by adding non-principal operations.
"Depth"” pertains to the design of facilities and parametrization. The

hierarchical structure of PP implies a generation method described in the flow
chart in Fig. 9.

2217 Computer driven Process Planning

The computer may assume varying degrees of PP automation. The
automation level may be viewed as a location along an automation azs. At
one end of this axis (see Fig. 10) there are “islands of automation” coordinated
by a human-supervisor. In this state the computer serves as an assistant. At
the other extreme, in a fully automatically derived PP, all human tasks are
fully formalized and the computer totally substitutes human judgement, i.e.
the computer becomes the ezpert. In between, where the contributions of
human and computer are equal, the computer is a colleague. The overall
involvement of the computer in PP in which the degree of automation is not

a-priori known is therefore termed computer driven process planning, and

abbreviated CPP. The assistance state is called computer aided process
planning (CAPP) while the extreme state, thus far rather utopian, of fully
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PROCESS OUTLINE # 12345

Part: part_ADBC

Initial Raw Woarkpiece:
Material: SAE 4340
Condition: O

Complementary Documents:

Geometry: ¢6”, length: Min. 4~
Precedence Workpiece Specification
Op (defauit: Process (code) {at end of operation) NMachine
# sequential) — document #
1 / cut rod 12345-1 Hack ~aw
(CRod)
2 1 Forge blocker 12345-2 Press.
(FBl) Min. 300 ton
3 2 Forge preform 12345-3 Press.
(FPI) Min. 200 ton
4 3 Heat-treat, 12345-4 Furnace
Anneal Heat-treatment air.
(HT) Spec. #47-4194 Min. 2000 ° F

Designed By:

Checked By:

| Revision:

| Date:
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Figure 2-6. Process outline
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Product: part_ABC

Route Card #:

Operation Card
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Operations No: 40
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Elements Description
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Turning outside diameter — side 1. Longitudinal Turning
Turning one step-chucking. Face turning

Straighten outside diameter-chucking_2

Turning second step-chucking_2. Face turning.

Inside rough turning-chucking_2

Designed by: | Revision:

Checked by:

| Date:
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Figure 2-7. Operation outline
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Process: EDM -- Trepanning

Element Description

Product: part_ABC
Route Card: 10

Operation: 30

Name: Element: 10

Trepanning inside
cylinder to form
a ring.

Machine Type: EDM

Name: Siemmens Series 3

Sketch

Comments

Work Holding Std-EDM-01

Tool. Electrode 30-10

Rate of removal: 2 cubic inch/hr.

Required: Heavy-duty EDMN

Tank Size: 700 x 700 x 400
cubic mm

Amperage: 100amp

Machining Time/Unit

740min

Parameters

Voltage: 110v

Frequency: 120H:z

Dielectric: Kerosene

Flow pressure: 211mm to 482 kPa
Drive Gap: 0.05mm

Polarity: Workpiece-positive
Current: 30amp

Currenr Amptitude: Jt, Jp, Jr
Jt = 3amp

Electrode

Copper type — brazed
Outer diameter: ¢228*%°
Width: 1/32 inch
Length: 500mm

(See sketch for tool electrode)

Designed By:

| Revision:

Checked By:

| Date:

Figure 2-8. Element specification 1
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multi-technology PO
My uni-technology PO
;\. :
éh complementary routing: add auxiliary operations
determine detailed workpiece geometries, including tolerances

plan operation outline

‘ with each !lement do: 1
‘ '

L %N

o

..-
-~ ..J'f'.
S

> design/match equipment parametrize:
el
B design: dies, tools jigs, independent parameters
fixtures, gages. .
:rt v l
ot 1 dependent parameters

et | ]

specify detailed operative instructions.

Wiy Figure 2-9. A schematic flow, feedback not included, of process planning
g activities
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automatic production of PPs is called automated process planning (APP).
APP, though extensively investigated in the last decade, is still far away from
realization.

Another dimension of computer involvement in PP is the method of

producing the PPs. If an appropriate PP is stored in the database and has to
be retrieved then the system is of the retrieval or variant type. The retrieved
plan has, in most cases, to be modified. These systems are called "retrieval PP"
(RPP) or "variant PP" (VPP) systems where the "variant” term suggests that
the resultant plan is a variant of the basic retrieved plan. Systems that create
the PP rather than retrieve a ready-made one from the data-base are of the
generative process planning (GPP) type. Since modification is of the order of
complexity of generating a new PP, VPP systems are often of the assistant
level of automation and the variant wvs. generative characterization largely
corresponds to the assistant vs. expert class. Thus far, no system is truly fully
generative. The relationship between the levels of automation and the type of

PP is schematically shown in Fig. 10.

The structured view of PP indicates that GPP stipulates the generation (or
creation) of the PO while CAPP retrieves it. The generation of the PO is thus
the crucial measure of ability to generate. A system is not a GPP one if it
retrieves the PO, even though it may later provide some computerized facilities
to modify and parametrize the PP. On the other hand, a GPP system may
stop short of completing the PP, i.e. designing tools and parametrizing, but is
still a GPP one. GT methods, including the ones that are not vet
computerized, lend themselves to use by CAPP systems.

The nature of the technological knowledge of PP, even for the less
complicated PPM, stipulates that creativity is essential to produce the initial
stages of the PP - the PO. Hence, it was concluded by many researchers that
a fully automatic PP system is not attainable and an interactive system for
the generation of the PO is unavoidable. To some extent, recent applications
of Al to PP hold some promise to modify this assessment.
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N Generativeness
7
¥
?
’ !
Generative
Process Planning [~
¥
t Automatic
;‘i Process Planning
)
%y
‘ Computer Aided
K Variant Process Planning
:‘ Process Planning
ﬁ' { 1 1 —_-
Assistant Colleague Expert  Computer
. (full) Role
‘l
s Figure 2-10. Levels of automation and method of creating the PP
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!
0 2.2.2 Process Planning in Forming Processes
: 2.2.2.1 Scope of Forming Processes

In a forming process (group II in the classification in §.1.2) a solid body
! is subject to an external force and is irrevocably deformed. At the beginning of
the deformation the workpiece is deformed elastically such that the strain is
directly proportional to the stress. When relieved of external stress the body
returns to its original dimensions. If external forces increase they may produce
a combination of stresses that exceeds a certain yield limit and the body is
permanently or plastically deformed. Actually, there is no complete recovery of
the strain in an elastic deformation, and on the other hand, each irrevocable
process exhibits a small degree of elasticity, but for reason of simplicity the
behavior is idealized. Another instance of high idealization in forming is the
assumption about rigid perfectly plastic bodies. The introduction of elasto-
plastic behavior refines these idealizations. Idealizations prove useful for
practical purposes as well as for scientific modeling.

o ial i -
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o

-

The term forming processes (FPs) pertains to the entire range of processes
in which the geometry of a solid metallic workpiece is altered under external
forces without removal of material. The main properties that determine
K workpiece behavior under stress vary with material type, grain structure,
temperature and rate, duration and history of the deformations. The
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g mathematical theory of plasticity attempts to formalize experimental
\ observations of the macroscopic behavior of a plastically deformed body. Such
treatment is found in comprehensive texts on plasticity e.g. [Hill], [JohnsMe],
u iSlate] and [Hosfo.

In spite of the remarkable progress in understanding the mechanism of
deformation and development of new analvtical tools in the last decades,
o complete mastery of the forming phenomenon has not yet been attained and
the domain is still largely experience-based. Thus, prior to any analytical
study of a particular FP, it is prudent to ask: "what are the influencing factors
and how do thev interact ?". The introduction of idealizations, which
eventually enable analytical studies, is greatly enhanced by preliminary
classification of the forming processes. There is no simple method of

classification of FPs, but common measures are easily identified ({Slate]):
e Characterization by the homologous temperature: hot, warm, cold.

e A mechanical analysis point of view: state of stress of the workpiece

(simple, complex, uniaxial, etc.).
- o Type of stress involved: tensile, compressive, etc. .

e Characteristics of the plastically deformed zone: relative sizes and range;:

local (sheet forming) vs. comprehensive (bulk deformation processes).

e Strain rate class.

e Chip forming vs. chipless forming (viewing chip formation and separation as
a forming phenomenon).

par p
g a LA R

Several methods have been tried to combine the advantages of each of the
measures above. Thomsen et al.” suggested a scheme that expands the state of

stress classification in the deformed body. The four resulting groups are:

ANV

. 2 .

s
iof

Thomsen, E.G., Yang, C.T. and Kobayashi, S. Mechanics of Plastic Deformation in Metal
Processing, Table 1.1, p.4, Macmillan, New-York, 1965.
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Squeezing group: the workpiece is subject to compressive stresses. Large
changes in shape are produced, as in forging. extrusion, rolling, swaging and
tube spinning. Many of these processes are hot worked.

Drawing group: the workpiece is principally subject to a tensile stress.
Generally the deformation is smaller than in the "squeezing group" but
large displacements are produced. The raw workpiece is in the form of
bars, sheets or tubes. Processes produce primary changes in contour or
relatively small changes in the smallest dimension of the stock material.
Hot working is employed for the range of thicker stock materials. Processes
in this group include: wire, bar and tube drawing, deep drawing, flow
turning.

Bending group: the workpiece is subjected to couples, inducing stress
gradient throughout the thickness. Change of shape is dominant, while
change of thickness is mostly of secondary order. Sample processes include:
flanging and brake-forming.

Cutting group: this group consists of two types of cutting: chipless forming,
e.g. piercing, blanking, shearing, and chip forming, viz conventional and
unconventional machining, e.g. turning, grinding, EDM, ECM, laser
machining. In conformance with industrial practice only the first subgroup
will henceforth be included in the range of FPs.

Surface finishing FPs such as shot and blow peening do not fit the above

grouping and should form a special group.

[Lange] adopts the DIN 8582 std.® classification. According to this

classification forming consists of five subgroups, as shown in Fig. 11.

‘Other significant classification practices produce largely similar groupings.

A useful industrial division distinguishes between sheet metal forming and

bulk or massive forming. From the physical sequence point of view, processes

3. DIN 8582, "Fertigungsverfahren Umformen (Manufacturing Processes: Metal Forming)", Ist
edition, 1971.




. e

Meta form.ng

.
1 1 1 | il

Compined tensie Formin Form
Compressive Tensiie by 9 orb ing
\

nd compressive
t " and compresisv forming
ormng bending shearing

\ T LTI T

3t

I Closed die forming }

[lndemunq

_H
L

. an we o @

Bending with hinear
rotary tool motion

tool motion
Bending with

[Pushmg through a dj—i
[Pulhng through 2 (1LJ—-

l Deep drawing

L

Figure 2-11. Metal forming subgroups in DIN 8582  ([Lange], Fig. 2.4)

[ Stretching
LE xpanding
Lnﬂﬂsu\g

r’lanqc forming
[Spmnmq
| Upset buiging

[ Open die forming

g
E
_

.

R L LA

may be classified into: primary and secondary ([AltanOG]). Primary processes
, contain the "squeezing group” and the non-forming processes, namely casting
and powder metallurgy. This class is characterized by large strains with the
metal being fluid or doughy. Secondary processes impart less subtle changes of
form. Both small strain inducing FPs and machining are thus secondary
3 processes. Further classification of secondary FPs by the type of deformation
and relationship between processes is found useful for PP needs. The type of
deformation is classified by the surface to volume ratio. The relationship
between processes identifies main or supplementary processes. Supplementary
processes complete or modify a main shape produced by a main process.

Secondary FPs are grouped in Table 1.

’ In sheet metal forming, as opposed to massive FPs, the overall features of
the resultant strain distribution are strikingly independent of properties of the
particular materials. Values of failure strains do, however, depend upon
material properties. This feature suggests that analysis of sheet-metal
processes will be mainly geometric, while that of massive forming is more

material oriented.
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Kpes TABLE 2-1. Secondary forming processes
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Secondary forming processes

o Deformation Class Processes
i
R

» L surface .

b ow T 1 ratio main tube-drawing, shear forming, ironing
\-,' volume g, she g 3
T » . . C

supplementary nosing, reducing, tube sinking, tube
& ‘: expanding,

M) .

‘.l:“ . surface finishing processes: shot and
y : s

:"g blow peening, burnishing.

Y

High surface

e volume ratio main deep drawing, flow turning, bending,
J-:,. roll forming, punching, blanking,
¢ ;:
*1-: supplementary dimpling (radius, cone, flange).
]
e
5'-).."'
N 2.2.2.2 Part Manufacture by Forming Processes
LAY
}:‘,Q!. As an engineering domain, forming-only PP (PPF) corresponds to
machining-only PP (PPM). In distinguishing between types of PPFs the above
CP e . o . . . [] [
o grouping of processes is helpful. The simplest PPF is the one built of "passes”.
; ~ Limit stresses and strains can be overcome by bringing the deformation about
S .
e in several operations. If these operations are of the same process they are
o called passes. Passes may be performed on one machine, but unlike elements
N
o - . . . .
a'.!'. of a machining operation, a new set of tools is always required. Instances ol
DD
B ) . . . .
:;: sequences of forging and deep-drawing passes are shown in Fig. 12.
*‘l
! : : : .
More complex manufacturing cases involve different processes, but of the
‘:" same deformation group, e.g. massive forming, sheet-metal forming. Two
1
'?“n,t' instances of these "group FPs" are shown in Fig
iy
hali . . . .
it The most complex forming-only manufacturing combines massive and
- secondary FPs. Naturally the sequence starts with a preform produced by a
LS . . .
S84 massive forming sub-process and complements the deformation by secondary
*jr? J 14 I . e 1 r " 19 I H I-\' 2
-N'§ processes, e.g. sheet-metal formineg.  An example is shown in g 1L
Col . . . .
e Nonetheless, some exceptions to the sequence of massive forming preceding
sheet metal forming do exist, [For example, ironing - a basieally massive P
»
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b. Deep-drawing PP ([Jones], Fig. 16, p. 622)

Figure 2-12. Forging and deep-drawing sequences (from [Lyman5] and [Jones])
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2220 Claract: risties of

Forepg-only Process Planog

b A PPE = opreaeh more ditheels teoereate than o PPNL One reason s
"_: that. while feasibility of machining operations can be directly assessed andd
scodness-of-plan subsequently "sately™ pursued, it is ditlicult to fully predict,
" Fefore devising a PPLif o body is formable or not. After verifyving producibility
% by o set of FPs, construction of the PPF, manual or automated. is more
b . complicated than a typleal PPNL This is due to knowledge gaps, much more
s prevalent in forming than in machining. One result is that a forming
D operation is characterized by operation measures that have to comply with
, prespecified fest measures in order to meet feasibility. Nonetheless, the main
-:E coanponent of feasioility in forming - formability - is not vet fully known or
_, formalized for prucrieal applications. A coad feel for the fimits of our
.. knowledge of formability may be acquired from [Semial. The role of feasibility
iﬂ" i= not the only difference between PPEF and PPM. as is shown above. Other
f adtent differences are discussed below.
&
p Semantics of operations (see §.1.4) in PPI's is considerably different from
that in PPN Qualifying operations are contained by auxiliary operations: both
5 facilitate next deformation. Secondary operations are practically nonexistent:
h| the order of deformations and the strain path are of prime importance. The
W functions of the supporting operations remain basieally the same.  The
structure of a PPF is context-dependent: it depends upon the form in which
oty strain history is carried and preserved. Hot working preforms having their
3 strain history annulled by heat-treatment, and being subjeet later to secondary
>\; deformations may allow division of operations into clements. Otherwise, when
‘ strain history is important, each forming pass, which may otherwise lLe
::: consitdered an clement, beecomes an operation. In this instance only the level of
._ operations does exist for that part of the PP.
X
L Process parameters in a  forming operation. though conceptually
= corresponding  to  machining  parameters (speed, feed, depth-of-cut, tool
o ceometry, coolant), are, in addition to being more complex, more process
'_E dependent. Process parameters may be principal or secondary. The former are
e independently determined, affeet the feasibility of the operation and determine
&
o
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Figure 2-14. Bulk forming and subsequent sheet-metal forming PP
S .
Qﬁ ([Lange], Fig. 2.30)
§
o) .~ - . . . .
:"'* the latter. Significant variables in FPs at large are given in Table 2.
’ . Typical process parameters and process measures of sample forming
N processes are shown in Tables 3 and 4.
e
208N . ..
%\: Other salient factors complicating PPF are:

e e The end configuration is in itself part of the PP and affects feasibility, in
’; particular in massive FPs. In machining, shifting from one standard stock
‘. . . :
"';_: material to another will only change some preparatory rough cutting
Lo operations.

’h .

! e Some features of the end configuration cannot be independently specified.
_:'. They are determined by other principal features and the strain path. For
\ $,\ example: resultant thinning and strength of a drawn cup depend upon the
I3 . N .

-i."; strain path and cannot be arbitrarily specified.

> 5 e Strain path within each operation determines resulting mechanical

o properties and consequently feasibility.

_?_v"

W e Accumulated strain history is a factor in determining resultant mechanical
properties. Hence feasibility can be tested forwards only, i.e. from the first

::';f. deformation on.

-

AR

f::? e Mechanical properties of the workpiece in the deformation zone are

ey

i constantly changing during the operation.
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TADBLE 2-2. Signiticant variables of a {forming process (extracted from
[Alranl.N], Table. 2, p. S1)

Process Variables

Domain Variable
Billet Materal constitutive relationship, forming limit curves, surface
conditions. thermal-physical properties, initial conditions.
| . . .
| relationship  between  changes  of microstructure and
| . . -
! constitutive equations and workability.
{ l \
i Deformation zone Model of deformation, kinematics of metal tlow, variation of
stresses during deformation, heat generation and transfer.
Tooling Geometry, surface conditions, material hardness, stifiness,
accuracy.
Equipment Speed, force, rigidity, accuracy.
Conditions  at Lubricant features, insulation and cooling at interface
tool-material layer, application and removal of lubricant.
interface
Product Geometry, dimensional accuracy, surface finish,
microstructure, metallurgical and mechanical properties

e [easibility is not attaine